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Any word on which three versed ones (intelligent ones) agree can be told anywhere; 
otherwise it must not be relied on. Do compare your word and the word of the others with 
the words of the versed ones (intelligent ones): if it will be in agreement you can say, 
otherwise there is no way to say. 
 
Whoever lies with intention or through sorcery, or spies upon the behavior of others, or 
intervenes between the two arguing ones to help the one against the other is to be put to 
death. 
 
Excerpts from Great Yassa of Genghis Khan 
 
 
(An original list of the regulations 
legendarily declared by Genghis 
Khan on Kurultai in 1206 is not 
preserved. This text is based on 
reconstructions of Great Yassa by 
Rashid-al-Din Hamadani (1247 – 
1318) and Al-Maqrizi (1364 – 1442) 
assembled by Erenzhen Khara-Davan 
in the work “Genghis Khan as a 
Warlord and His Heritage” (in 









To a young boy, who is trying to build for the first time his own cosmological picture 
of the Universe consisting of myriads of galaxies, the endless space between stars may 
seem to be just an empty barrier, a necessary “evil” that has to be passed before 
reaching the next island of matter – a star system si ilar to our own. To me, the 
concept of interstellar medium was for the first time introduced by Stanisław Lem’s 
novel ‘The Magellanic Cloud’ (1955), where the first human expedition, which 
undertakes the venture of leaving our Solar system and travelling to a nearby star in 
search for a new World, had encountered an unexpected problem. Their spaceship was 
overheated for unknown reasons. It took a while before engineers on the ship had 
realized the cause: “The source of the heat rise could only be outside, but outside 
there was the emptiness. One cubic centimeter of this emptiness contains only few 
atoms, and that is why it could be considered as an absolute vacuum in comparison to 
the gas density under terrestrial conditions, where one cubic centimeter of gas has 
several trillions of molecules. However, “Gaia” moved with such velocity, that every 
square centimeter of its surface collided with 800 billions of atoms per second; this 
was enough for friction to take place and overheat the rocket”. This was the first time 
when I looked at the interstellar medium as a system that has its own structure and life. 
However, it was difficult to me to imagine at that time that the chemistry of this 
“emptiness” would eventually become the subject of my thesis. 
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1.1 Star evolution 
 
The interstellar medium (ISM) is an extremely dilute environment; nonetheless, it plays an 
important role in the evolution of our Galaxy. The ISM is the place where new stars and 
planets are formed from the remnants of stars that died in a former star cycles. A simplified 
scheme of this cycle of life and death is depicted in Fig. 1.1. The ISM is filled with gas 
(99% in mass) and dust (1% in mass). The gas is composed by hydrogen (H, 70%), helium 
(He, 28%), and a fraction of heavier elements; the dust comprises mainly silicate grains and 
carbonaceous material. Gas and dust are not distributed uniformly over the ISM. Therefore, 
there exist regions that are dominated by high densiti s and lower temperatures. With time, 
gravitational attraction or external shockwaves induce these cold regions to reach even 
higher densities (102-106 particles cm-3). These values are still extremely low and can be 
considered as a perfect vacuum if compared to terrestrial standards. However, the size of 
these objects is so large (>10000 astronomical units) that the visual extinction by the dust 
grains does not allow visible light to pass through and therefore does not reach the 
observers, i.e., us (Tielens 2005). This explains the name given to these objects, dark 
(molecular) clouds (see Barnard 68 in Fig. 1.1). When gravitational attraction induces 
further collapse of the cloud over a period that depends on the mass of the dark cloud 
(105-106 years for a cloud resulting in a Solar mass star), he innermost regions reach high 
enough density and temperature for a protostar (a future star) to be formed inside. For the 
conservation of the angular momentum, this process is accompanied by the formation of a 
protoplanetary disk and outflows (see DG Tau B in Fig. 1.1). This is not yet a star system, 
but also not a cloud anymore and therefore is called a young stellar object (YSO). It takes 
about 10 millions years before a star finally accretes most of the nearby material and 
reaches its final mass, while the protoplanatery disk is segregated and gives birth to future 
planets. A low-mass star with a planetary system siilar to our own Solar system usually 
lasts for about 1010 years before most of the hydrogen fuel inside the s ar is consumed and 
it becomes a Red Giant, approaching the end of its life cycle. During all these stages, 
starting from YSO and ending with the Red Giant, the system releases gas and dust into the 
ISM that in turn provides material from which new star  are formed. Our own Sun belongs 
to the second-third generation of stars.   
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Figure 1.1. Artistic representation of a star formation cycle in the ISM. All objects are chosen to be close 
to the solar mass. Arrows indicate time in years. Pictures are taken from ESO and NASA web pages. 
 
The study of every single stage of the star formation cycle involves different physical 
and chemical branches of science and faces many unresolved issues. This thesis mostly 
focusses on the very first steps of star formation, i.e.  the dark cloud stage and the 
formation of YSOs. This focus has two reasons: on one hand, infrared (IR) observations 
toward dark clouds show that these regions already possess a rich chemistry even before 
stars and planets are formed. On the other hand, an ex ct understanding of the chemical 
processes involved in the formation of interstellar species observed in these regions will 
help scientists to unlock the origin and fate of the organic molecules that are present on 
Earth and that at some point contributed to the formation of life. 
 
1.2 Molecules in star forming regions 
 
1.2.1 The role of dust and ice 
 
More than 180 different molecules have been identifi d in the circumstellar and interstellar 
media (Woon 2014). These species comprise simple mocules, like H2 or CO – two of the 
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most abundant molecules of the ISM – as well as about 50 molecules with 6 and more 
atoms, organic molecules, and structural isomers (Herbst & van Dishoeck 2009). This 
observed chemical complexity in space is the cumulative outcome of gas, dust, and gas-dust 
interactions. Many species can be formed in the gas-ph e. However, gas-phase reactions 
alone cannot explain the observed abundances of many detected molecules, particularly the 
more complex organic species. Therefore, solid state processes become important. At low 
temperatures (~10 K), (sub)micrometer-sized dust grains act as small cryopumps onto 
which gas-phase molecules accrete. In dense cores (th  innermost part of Molecular 
Clouds), the approximate timescale at which gas-phase species deplete onto grains is about 
105 years, that is comparable to the lifetime of a dark cloud. Therefore, during the first 
stage of star formation, most of the species, with the exception of the lightest ones (H2, e), 
are expected to be largely frozen-out onto interstellar grains. The resulting ice mantle 
provides a local molecule reservoir, which may be as thick as several tens of monolayers 
(ML, where 1 ML = 1015 molecules cm-2). It also provides a ‘third body’ to which two 
reactive species can donate excess energy allowing formation of a stable molecule, a 
process that otherwise is impossible in two body gas-phase collisions. Although accretion 
rates on the surface of interstellar grains are extremely low, over thousands of years grains 
accumulate enough material for complex chemistry to take place. It is generally accepted 
nowadays that solid state astrochemistry plays an important role in the chemical 
enrichment of the ISM. Grains play here the same rol of a solid-phase catalyst in 
gas-phase chemical synthesis.  
 
1.2.2 Interstellar ice composition 
 
The interstellar ice composition can be derived from mid-infrared observations of 
molecular clouds along the line of sight to a background star. Alternatively, a newly formed 
protostar embedded into a young stellar object can be used as a source of light. The ice 
absorption spectra are then obtained by subtracting the emission profile of a background 
star or embedded protostar from the observed spectra. The features leftover correspond to 
the absorbance of molecules in the line of sight betwe n the emitting object and the 
observer. Observations in the mid-IR range from ground-based telescopes are limited to a 
few spectral windows, because of the presence of telluric lines in the Earth atmosphere. 
This limitation is overcome by airborne and space observations. Observations with the 
Infrared Space Observatory (ISO) (Whittet et al. 1996, Gibb et al. 2000, Gibb et al. 2004) 
and the Spitzer Space Telescope (, Boogert et al. 2008, Pontoppidan et al. 2008, Bottinelli 
et al. 2010 and Öberg et al. 2011) greatly improved our knowledge on interstellar ice 
composition by exploring wavelength ranges inaccessible from Earth. Some examples of 
ice spectra toward three chosen protostars are shown in Fig. 1.2. 
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Figure 1.2. Ice spectra towards star forming regions W33A , HH46 and L1014 IRS with solar luminosities 
of 105, 12 and 0.09, respectively, obtained from ISO, Spitzer, and ground-based observations (Gibb et al. 
2000, Boogert et al. 2004). The Figure is taken from Öberg t al. (2011). 
 
Despite the different nature of the three objects repo ted in Fig. 1.2 (low-, high-mass 
YSO, and background star), similar spectral features are present in all these sources. A 
detailed and quantitative study of these bands, however, would not be possible without the 
use of laboratory ice spectroscopy (Hudgins et al. 1993, Gerakines et al. 1995, Baratta & 
Palumbo 1998, Cuppen et al. 2011). The systematic laboratory investigation of IR band 
profiles of pure and mixed ices (i.e., containing two or more species) over a wide range of 
temperatures combined with the knowledge of all the absorption band strengths of each 
molecule allows for the identification of the components of the interstellar ice mantles. The 
main components of interstellar ices are reported in Table 1.1 and are – in order of 
decreasing abundance – H2O, CO, CO2, CH3OH, NH3, CH4, and XCN. The latter is likely 
due to OCN-. Moreover, from a comparison between laboratory work and observations, 
interstellar ices appear to be layered. The first layer is a H2O-rich polar-ice with embedded 
CO2, CH4, and NH3. The observed abundances of these species correlate with the 
abundance of solid H2O. The second, top, layer is a non-polar CO-rich ice, which likely 
contains also most of the solid CH3OH and OCN
- (Fuchs et al. 2009, Cuppen et al. 2011, 
Fedoseev et al. 2014). There is also evidence for the presence of more complex molecules, 
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like HCOOH, CH3CHO, and C2H5OH (Schutte et al. 1998, Boudin et al. 1998). However, 
better constraints, i.e., higher quality spectra, especially at 5-10 µm, are needed to 
unambiguously identify these species in the solid phase. Moreover, mid-IR observations 
are insensitive to homonuclear diatomic molecules, like O2 and N2. Although O2 is not 
expected to be observed in the ice due to its chemical reactivity, N2 may be in fact one of 
the most abundant ice components, because of its chemi al inertness and stability.  
 
Table 1.1. Abundance medians and lower and upper quartile values of ices and individual ice components 
with respect to H2O ice. Taken from Öberg et al. (2011). 
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1.3 Interstellar ice evolution and chemistry 
 
To date, it is generally accepted that a substantial part of the stable and complex species 
identified so far, is formed on icy dust grains via non-energetic atom addition induced 
reaction schemes. Since solid-state radical-radical and radical-molecule reactions often do 
not require any activation energy, they can occur even at extremely low temperature (10 K): 
i.e., in the innermost part of molecular clouds, where newly formed molecules are largely 
shielded from radiation by dust particles. These regions are part of collapsing envelopes that 
feed new stars - young stellar objects - and provide the original material from which comets 
and ultimately planets are made. 
Grain surface chemistry is governed by the accretion rate of gas-phase species onto 
the grains, the surface migration rate which sets the reaction network, and the desorption 
rate. Therefore, it also depends on a number of physical parameters, such as cloud density, 
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ice temperature, and chemical composition of the grain surface. Figure 1.3 shows a 
schematic representation of ice evolution starting from the prestellar stage (dark cloud) 
through the collapsing envelope resulting in the formation of a protoplanetary disk around 
the protostar. In short, a less-volatile water-rich i e is formed on top of bare grains. Then, 
with increasing densities to 104-105 cm-3, CO freeze-out occurs and CO-rich ice mantles are 
formed on top of the water-rich ice. This newly formed CO-rich ice is hydrogenated to 
form most of the interstellar CH3OH observed in space. Molecules formed on the surface 
of dust grains can in turn desorb to the gas phase. At low temperature, this can be achieved 
by the interaction of the ice with cosmic rays, cosmic ray induced UV-photons, or as the 
result of grain collisions. When the core collapses and a protostar is formed, ice will further 
experience heat, UV- and cosmic rays induced reactions n the region close to the newly 
formed protostar. At this stage, volatile species dorb, while less-volatile species undergo 
a “warm” ice chemistry, and, as a result, more complex (organic) species are formed in the 
ice mantles. When the temperature reaches values of 100 K and higher, water ice and other 
less-volatile species trapped in the ice start to sublimate. Alternatively, some of the icy 
grains will flow into the mid-plane of protoplanetary disk, where they are shielded from 
heat and UV irradiation caused by the newly formed protostar and from the external 
UV-field. In this region, planets and comets are formed. Therefore, understanding 
formation mechanisms and delivery processes of complex and even prebiotic molecules to 
planets is fundamental for a better understanding of the early composition of Earth, and its 
primordial oceans. 
 - 8 - 
 
Figure 1.3. Evolution of the ice composition starting from the prestellar stage through the collapsing 
envelope, and into a protoplanetary disk. Adapted from a figure by van Dishoeck & Visser (Herbst & van 
Dishoeck 2009). 
 
Some of the most important mechanisms that rule the interstellar ice chemistry are 
discussed below: 
1) Atom and radical addition reactions. Among all the possible atom addition reactions 
(e.g., H, O, N, and C) occurring in space, the most important one is the hydrogenation 
of the ice. This is not surprising since hydrogen is the most abundant element in the 
Universe. Some of the species formed through hydrogenation reactions on the surface 
of dust grains are H2 (through H + H), H2O (through hydrogenation of O/O2/O3), NH3 
(through hydrogenation of N atoms), CH3OH (through hydrogenation of CO), and 
possibly CH4 (through the hydrogenation of C atoms). CO2 can be formed through 
atom and radical addition reactions: CO+O and CO+OH. Radical-radical and 
radical-molecule reactions often do not require any ctivation energy and therefore can 
easily proceed even at low temperature (10 K). Three of the most relevant reaction 
mechanisms on the grain surface are the Langmuir-Hinshelwood (L-H), Eley-Rideal 
(E-R), and hot-atom mechanisms (see Figure 1.4). In the case of the 
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Langmuir-Hinshelwood mechanism, two reactants are adsorbed on different surface 
spots of an interstellar grain and reach thermal equilibrium with the surface before one 
or both of them diffuse to find each other and react. In the Eley-Rideal mechanism, one 
of the reactive species directly lands on top of the other and the reaction immediately 
occurs before thermal equilibrium is reached. The hot-atom mechanism is a 
combination of both: one species is located on the surface in thermal equilibrium, 
while the second one lands on the nearby surface spot; migration and reaction occur 
before the thermal equilibrium is reached. 
 
Figure 1.4. Three mechanisms for surface reaction on the grain surface. Ed is the desorption 
activation barrier; Eb is an activation barrier of the diffusion from a surface spot to another. The figure 
is taken from van Dishoeck & Herbst (2009). 
 
Distinguishing between Langmuir-Hinshelwood, Eley-Rideal, and Harris-Kasemo 
(“hot-atom”) mechanisms is of great importance when the temperature of the 
adsorbing species is significantly higher than the temperature of the surface. For the 
Eley-Rideal and the hot-atom mechanisms, the high energy of the incoming species 
helps to overcome the activation barrier of the reaction. This is not the case if the 
Langmuir-Hinshelwood mechanism takes place, where both the reactants are in 
thermal equilibrium with the ice surface. In cold dark molecular clouds, the difference 
in temperature between the accreting species and the ice surface is not large. 
Furthermore, the Langmuir-Hinshelwood mechanism is the most important mechanism 
in non-energetic surface reactions, because of the extr mely low accretion rates even in 
the densest regions of molecular clouds. However, under laboratory conditions, the 
temperature of the exposing atom beams is often equal or higher than the room 
temperature. This deviation from the conditions found in space has to be taken into 
account during the interpretation of laboratory data. Monte Carlo (MC) simulations 
(Cuppen et al. 2013) can be used to simulate and reproduce laboratory results to 
investigate qualitatively and quantitatively all the mechanisms at play in the solid 
phase (e.g., deposition, diffusion, segregation, reaction, anddesorption). Results from 
these models can then be included into astrochemical MC models to extend laboratory 
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results to interstellar timescales and fluxes (Fuchs et al. 2009, Cuppen et al. 2009, 
Vasyunin & Herbst 2013). The experimental investigation of non-energetic reaction 
routes is the main subject of this thesis. 
 
2) UV-induced reaction routes. As opposed to the neutral-neutral, atom, and radical 
addition surface reactions discussed above, UV processing of ices provides an 
energetic input that leads to the excitation of molecu es and dissociation of molecular 
bonds followed by the formation of “hot” fragments, i.e., radicals, atoms, and ions with 
high internal energy. These “hot” fragments can in turn react with the surrounding 
molecules and easily overcome activation barriers, desorb from the ice surface, or 
diffuse into the bulk of the ice and even eject other molecules from the surface (Arasa 
et al. 2010). A complete analysis of the UV-induced reaction network is often 
challenging without the knowledge of photodissociation and photoionisation cross 
sections for all the molecules involved in the UV photolysis process. Furthermore, 
these cross-sections and photodissociation branching ratios are wavelength dependent 
and, therefore, significant variations in the final outcome may occur, depending on the 
energy of the UV-photon applied. Secondary processes, like photodesorption, and 
structural changes in the ice morphology should also be taken into account. UV-photon 
induced chemistry can efficiently lead to the formation of complex organic species in 
the ice mantles. Therefore, UV-photolysis significantly increases complexity in the ice 
(see Öberg et al. 2009). At high doses and high enough thickness of the ice, a complex 
polymeric refractory residue can be formed as well (D'Hendecourt et al. 1996, 
Allamandola et al. 1988, Greenberg et al. 1995, Herbst & van Dishoeck 2009). 
 
3) Cosmic rays. The chemical composition of the ices can be further modified by ion and 
electron bombardment. For example, the energy releas d by a highly energetic ion 
passing through a material causes the dissociation of hundreds of molecules along their 
path. These fragments can then recombine. As a result of the interaction between a 
cosmic ray and the ice, hundreds of new molecules including both simple and more 
complex molecules are formed. Moreover, the impact of a cosmic ray with the ice 
surface causes the release of some of the ice material into the gas phase through 
sputtering and local heating. In this respect, cosmic ion irradiation is a more complex 
mechanism than UV-photolysis that involves only a single-photon event (Baratta et al. 
2002). 
 
4) Thermal processing. During their evolution, star-forming regions are exposed to 
thermal processing. Most of the chemistry in interstellar ices takes place within the 
range of temperatures 10-100 K. Thermal processes can induce sublimation of ice 
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material, changes in the ice morphology, segregation of species in the ice, 
neutral-neutral reactions – such as deuterium-exchange reactions – and charge transfer 
within the ice (Ratajczak et al 2009, Novozamsky et al. 2001 and Theule t al. 2011).  
 
The aforementioned mechanisms may dominate in different regions of the ISM or at 
different evolutionary stages in star-forming regions, but all mechanisms have in common 
that they contribute to a higher molecular complexity in space. 
 
1.4 Chemistry of interstellar ices in the laboratory 
 




Atom and radical addition reactions in interstellar ice analogues are here studied using 
SURFRESIDE, an ultrahigh vacuum (UHV) setup, and its more recent upgrade 
SURFRESIDE2, operational since 2012. SURFRESIDE2 is an extended version of the 
former system and comprises a second atom line to allow the simultaneous use of two 
atom-beams together with regular molecular dosing les. Details of both setups are 
available from Fuchs et al. (2009) and Ioppolo et al. (2013) (Chapter 2 of this thesis). The 
use of an UHV setup (base pressure ~10-10 mbar of mainly H2) allows us to grow ices with 
submonolayer precision. Extremely low background gas deposition rates provide enough 
time to perform selected atom-bombardment experiments u der fully controlled laboratory 
conditions (i.e., the exposure of background gas H2O, N2, and CO2 to a cold sample at 10
-10 
mbar requires almost 4 hours to obtain 1 ML surface coverage).  
Ices are deposited with controllable deposition rates on a gold substrate at a selected 
temperature. Deposition with a variable incident angle is possible. The substrate is mounted 
on the tip of a cold head of a He close-cycle cryostat and a temperature regulation is 
realized by means of a heating wire. The absolute temperature precision is ~2 K while the 
relative precision is as high as 0.5 K 
The setup comprises two molecular deposition lines and two atom-beam lines. In 
order to provide diversity in the way atoms beam are generated two different atom sources 
are used: (i) a Hydrogen Atom Beam Source (HABS, Dr. Eberl MBE-Komponenten GmbH, 
see Tschersich 2000) that produces H or D atoms throug  thermal cracking of H2 or D2; (ii ) 
a Microwave Atom Source (MWAS, Oxford Scientific Ltd, see Anton et al. 2000) that 
generates H, D, O, and N atoms as well as OH, NH, and NH2 radicals by using a 
microwave discharge (125-300 W at 2.45 GHz). In the following chapters of this thesis, 
various parent molecules are used to generate atom bea s: H2(D2) for H(D) atoms, O2 and 
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N2O for O atoms, N2 and NH3 for N atoms, H2O for OH radicals, and NH3 and even 
mixtures of two gases N2 and H2 for NH and NH2 radicals. A nose-shaped quartz pipe is 
placed along the path of each of the atom beams to efficiently quench the excited electronic 
and ro-vibrational states of the formed atoms and non-dissociated molecules through 
collisions with the walls of the pipe before they reach the ice sample. Furthermore, the 
experimental results on hydrogenation (deuteration) of interstellar ice analogues can be 
repeated sequentially by using the thermal cracking source and then the microwave 
discharge to increase the “confidence” level of the obtained results.  
Two molecular deposition lines that allow for separate depositions of stable molecules 
are used to simulate different molecular environments as typical for different evolutionary 
stages of interstellar ices (i.e., polar, H2O-rich, or non-polar, CO-rich, interstellar ice 
analogues) In this way, it becomes possible to co-deposit a number of various atoms and 
molecules together, simulating selected astrophysical conditions. Furthermore, experiments 
performed in a H2O or CO environment have the advantage that reactive species can donate 
their excess energy to the surface (H2O or CO) before they participate into reactions 
through the Langmuir-Hinshelwood mechanism. Thus, reactants are most likely 
thermalized to the surface temperature and their kinetic energy should not affect the final 
results. Another advantage of using H2O and CO matrices is to make sure that the reactive 
atoms participating in the selected reaction routes ar  deposited isolated and not as dimers, 
trimers, or even larger oligomers. 
Two different experimental procedures are here regularly applied. In “pre-deposition” 
experiments, ices are first deposited on the sample and are subsequently exposed to a 
thermal atom-beam. In this case, the formation and consequent destruction of the 
intermediate products followed by the formation of final products can be monitored. This 
allows us to obtain kinetic curves that then can be fitt d by a system of differential 
equations in order to obtain formation rates. However, this technique has considerable 
drawbacks. Limited penetration depth of atoms into the pre-deposited ice causes low final 
yields of the products. Furthermore, unstable intermediate radicals are rapidly converted to 
the stable species and consequently hard to identify. These drawbacks can be overcome by 
using a “co-deposition” technique. In the latter case, molecules and atoms are deposited 
simultaneously with specified rates. Varying the ratio with which reactive species are 
deposited, formation of only first intermediate products without further conversion into the 
stable final products or, on the contrary, a thick ice of only final products can be obtained. 




Several UV photolysis experiments shown in this thesis are performed by using the 
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CRYOgenic Photoproducts Analysis Device (CRYOPAD), which is described in details by 
Öberg et al. (2009) and references therein. As for SURFRESIDE, the rotatable gold-coated 
substrate in CRYOPAD is mounted on the tip of a cold head of a He close-cycle cryostat in 
the centre of a stainless steel UHV chamber. The temperature of the substrate is controlled 
between 15 and 300 K by means of a heater and a temperature controller. Ice deposition 
proceeds through a molecular dosing line by injecting either pure gases or preliminarily 
prepared gas mixtures. After deposition of an ice, th  film is irradiated by UV light from a 
broadband hydrogen microwave discharge, which peaks at Ly-α (121 nm) and around 160 
nm. The experiments discussed in chapter 4 are performed sequentially, but the system also 
allows the simultaneous molecular deposition and UV irradiation of the growing ice. 
 
1.4.2 Measuring techniques 
 
In both SURFRESIDE2 and CRYOPAD, ice composition is monitored in situ by means of 
Reflection Absorption Infrared Spectroscopy (RAIRS) using a FTIR spectrometer, which 
covers the range between 4000 and 700 cm-1. While 1 cm-1 is the typical spectral resolution 
used in the chapters of this thesis, spectral resolution can be varied between 0.5 and 4 cm-1. 
The main advantage of the RAIRS technique is the ability to detect products of the 
reactions investigated in the solid phase at the sample temperature and to monitor the 
amount of products over time, i.e., to obtain kinetic curves. The choice of RAIRS over 
transmission infrared spectroscopy is due to the higher sensitivity of the RAIR technique: 
the glancing angle of an infrared beam (e.g., 8° to the substrate plane) results in 
enhancement of the p-polarized electric field at the surface and, therefore, to a gain in 
sensitivity. Furthermore, this effect is further enha ced by the increase in the path length of 
the beam through the deposited ice film and by the fact that the beam has to pass through 
the ice film twice, once before reaching the sample (gold-coated mirror) and a second time 
after reflecting from the sample. Such geometry improves the minimal detection limits of 
the infrared technique. Another great advantage of the RAIR technique is that only the ice 
deposited on one side of the substrate is probed. This is because the substrate is a 
gold-coated piece of copper, which reflects IR light. In the case of transmission 
spectroscopy, an infrared transparent material is used as a substrate window. Therefore, 
molecules are deposited on both sides of the window through direct or background 
deposition, as the result the final IR spectrum is a combination of the two ices. This can 
potentially be an issue during data analysis when only ne of the two sides of the substrate 
window is processed to induce chemistry. 
 




















































































Figure 1.5. RAIR spectra of NO hydrogenation experiments taken from chapter 4. The upper panel shows 
co-deposition spectra of NO, CO and H atoms with NO:C :H = 1:6:15 (a) and 1:1:20 (b). On the lower 
panel co-deposition spectra of NO and H2O with H atoms for NO:H2O:H = 1:6:3.5 (c) and 1:6:15 (d) are 
shown. All spectra are acquired at 15 K.  
 
Species in the ice are identified according to their specific frequency fingerprint at 
which infrared light is absorbed. These specific frequencies, in turn, can be the same for 
few different species that share same functional groups or can shift for the very same 
species according to the specific molecular environme t that surrounds them (polar vs. 
non-polar ice). For example, in Figure 1.5, one can see that the absorbance features of H2O
overlap with the NH2OH bands. Moreover, the NH2OH absorption features in Fig. 1.5(b) 
are shifted compared to those of NH2OH in Fig. 1.5(a), where 6 times more CO is 
co-deposited and the formed NH2OH molecules are in a way more isolated from each other. 
In addition, hydrogen bonds formed between polar species significantly broaden their 
absorption features making their exact assignments a d quantification harder. The band 
broadening effect is illustrated in Fig. 1.5, where hydroxylamine (NH2OH) absorbance 
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features are significantly wider in presence of water (lower panel of Fig. 1.5), and narrower 
when NH2OH is mixed with CO (upper panel of Fig. 1.5). Low amounts of products 
formed in the experiments may significantly affect a correct assignment of the formed 
species and a quantitative analysis of the results. Furthermore, diatomic homonuclear 
molecules (e.g., N2, O2, and H2) are infrared inactive and their detection is not trivial if 
only infrared techniques are used. Therefore, a second analytical technique is routinely 
used to constrain the obtained IR results. This is Quadrupole Mass Spectrometry (QMS) in 
combination with Temperature Programmed Desorption (TPD) experiments. 
 In a TPD experiment a deposited ice sample is heated linearly with a selected rate 
(normally 1-10 K/min), molecules eventually desorb and their gas-phase signal is 
monitored by means of the QMS. Every chemical species has a specific desorption 
temperature, depending on its binding energy to the surface spot it occupies. When the 
temperature of the ice sample reaches the desorption temperature of a constituent, the latter 
evaporates into the gas phase, where it can be ionized in the ion source of the QMS. 
Ionization is realized through the impact with electrons that are produced by a hot filament. 
When ions are produced, they undergo a selection process that takes place in the 
quadrupole mass filter in a way that only the ions with a selected mass-to-charge (m/z) 
ratio can reach the detector at any given time. The detected signal is proportional to the 
density of the produced ions of a given m/z ratio. Up to twelve m/z signals can be recorded 
in series over time. As a result, a three dimensional plot of temperature vs. m/z vs. intensity 
of the signal can be obtained. However, the analysis of such plots is not trivial. The 
temperatures at which different species desorb can be close or even overlap. Furthermore, 
for the very same species the desorption temperatur depends on the binding energy to the 
surface and therefore on the chemical composition of the surface (e.g., H2O ice, CO ice, 
amorphous carbon, and amorphous silicates) and even for the same type of surface, the 
binding energy can vary a lot because the surface is usually not uniform and different 
adsorption spots can have different binding energies. Moreover, TPD experiments of mixed 
ices are even harder to analyze because, for instance, volatile species can react or be 
trapped in a matrix of non-volatile species during a TPD. This way, they can only desorb at 
higher temperatures, together with the non-volatile sp cies. The full picture is further 
complicated by the fact that species are fragmented upon electron impact in the ion source 
of the QMS, and a number of charged fragments are produced with a certain ratio 
(depending on the electron energy), forming a unique pattern for each species. This is 
illustrated in Fig. 1.6. 
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Figure 1.6. TPD spectra of three distinct experiments (this figure is taken from chapter 6 of this thesis). 
Three curves for each of the m/z values are shown. These curves from top to bottom correspond to smaller 
amounts of NH3 formed in the ice (peak starting at 100 K for m/z = 17) and higher amounts of HNCO 
formed (peak starting at 160 K for m/z = 43). In the inset in the right top corner of the figure, a comparison 
between fragmentation pattern taken from the literature and fragmentation pattern obtained in our 
experiment is given. 
 
Figure 1.6 shows that the desorption peak of NH3 is slightly shifted toward higher 
temperatures when smaller amounts of NH3 are formed. This can be explained as follow: 
when a smaller amount of NH3 is adsorbed on the surface of the sample, it mainly occupies 
the “best” surface spots, i.e., with high binding energy, while for a higher amount of NH3, 
also spots with low energy are occupied and as a consequence the desorption peak shifts 
toward lower temperatures. The fragmentation pattern of HNCO (inset in the Fig. 1.6) is 
quite similar to the one reported in literature. In return, this greatly enhances the level of 
confidence of this assignment. In this thesis, care has been taken always to analyze more 
than one m/z value for the same chemical species in order to achieve reliable results. 
 TPD experiments can also be performed by using RAIRS as an analytical tool. In this 
case, RAIR difference spectra monitor the chemical composition of the ice that is not 
desorbed yet. In this thesis, the same experiment is often repeated twice to use both 
techniques, or both RAIR and QMS spectra are recordred simultaneously during a single 
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experiment. This procedure allows making unambiguous identifications of several surface 
reaction products (see next chapters). Finally, it is important to note that, although QMS is 
a more sensitive technique than RAIRS, QMS data of  TPD experiment do not provide in 
situ information. Therefore, RAIR spectroscopy at low temperatures is considered the 
primary analytical tool in all the following chapters.   
 
1.5 This thesis 
 
This thesis presents detailed laboratory based research on solid-state atom and radical 
addition reactions aimed to increase our understanding of the chemistry that occurs in 
interstellar ices. The focus here is on the chemistry of nitrogen-bearing species as well as 
on the formation of molecules of astrobiological importance. An attempt to provide a link 
between the formation of the simplest nitrogen-bearing molecules and simplest amino acids 
is made. In addition to amino-acid formation routes, the simplest representatives of two 
other classes of prebiotic compounds - aldoses (polyhydroxy aldehydes) and polyols - with 
their corresponding formation routes are presented. The main conclusions for each chapter 
are linked to Fig. 1.3 and in particular to the corresponding stages of interstellar ice 
evolution. Here, a brief description of every chapter is made. 
 
Chapter 2 presents the new setup SURFace Reaction SImulation DEvice (SURFRESIDE2) 
that allows a systematic investigation of solid-state reaction pathways resulting in the 
formation of molecules of astrophysical interest. This ultrahigh vacuum setup focuses on 
studying atom and radical addition reactions in interstellar ice analogues at astronomically 
relevant cryogenic temperatures. The implementation of two atom-beam lines along with 
two molecular beam deposition lines makes it possible to expose deposited ice molecules 
to different atoms and/or radicals sequentially or at the same time. Special efforts are made 
for precise atom flux determinations, in order to quantitatively characterize different 
reaction channels. In addition, we demonstrate the performance of the new setup on the 
example of carbon dioxide formation by comparing the efficiency of two different 
solid-state formation routes of CO2 (CO + OH = CO2 + H and CO + O = CO2). We find 
that under the same experimental conditions formation of CO2 through the reaction 
CO+OH takes place more efficiently than through the reaction CO+O. We further discuss 
the potential of SURFRESIDE2 to study complex molecule formation, including 
nitrogen-containing (and even prebiotic) compounds. This is indeed the focus of the next 
chapters. 
 
Chapters 3 and 4 investigate in detail the surface hydrogenation of NO molecules in polar 
(water-rich) and non-polar (carbon monoxide rich) interstellar ice analogues. A complex 
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reaction network involving both final (N2O, NH2OH) and intermediate (HNO, 
NHOH/NH2O·) products is discussed. We demonstrate that hydrox lamine formation takes 
place efficiently via a fast mechanism and it is found to be even more abundantly formed in 
a water-rich environment at lower temperatures. In parallel, we experimentally verified the 
non-formation of hydroxylamine upon UV photolysis of NO containing ices at cryogenic 
temperatures as well as the non-detection of NC- and NCO-bond bearing species after UV 
processing of NO in carbon monoxide-rich ices. Our results are implemented into an 
astrochemical reaction model, which shows that NH2O  is supposed to be abundant in the 
solid phase under dark molecular cloud conditions. The assumed abundant presence of 
NH2OH in interstellar ices adds a new perspective to the way molecules of biological 
importance may form in space. For instance, once NH2OH desorbs from the ice grains, it 
becomes available to form more complex species (e.g., glycine and β-alanine) in gas-phase 
reaction schemes. The possible formation scheme of these two molecules of astrobiological 
importance is discussed.  
 
In Chapter 5 a full reaction network involving nitrogen oxides (NO, NO2, N2O) and H, O, 
and N atoms is described. Here we show that NO2 is efficiently formed in the reaction of 
NO with O atoms, and then rapidly destroyed in NO2 + H/O/N reactions, which proceed in 
a barrierless way or with a very low barrier. The surface destruction of solid NO2 leads to 
the formation of a series of nitrogen oxides of which the most important ones are NO, N2O, 
as well as to the formation of HNO, NH2OH, and H2O. It is shown that the final stable 
products of the joint NO+H/O/N and NO2+H/O/N reaction network are NH2OH, H2O, N2, 
and N2O. When NO2 is mixed with an interstellar more relevant CO-rich e, solid CO2 and 
HCOOH are also formed due to interactions between th  investigated reaction routes and 
CO-molecules. The astrophysical implications of the full reaction network are discussed. 
 
Chapter 6 further expands the full nitrogen and oxygen reaction network as derived in 
chapters 3-5 by experimentally investigating the formation of NH3 and HNCO through 
non-energetic surface reactions in interstellar ice analogues. It is shown that NH3 is 
efficiently formed by three consecutive H-atom additions to N atoms. Furthermore, we 
show that in CO-rich interstellar ice analogues the formation of NH3 is inhibited due to the 
surface formation of solid HNCO through the interaction of CO molecules with NH 
radicals – one of the intermediates in the formation of solid NH3. This is an important 
experimental conclusion, since it shows that, in geeral, surface reaction routes cannot be 
treated independently. Moreover, possible reactions of intermediate products with different 
lattice molecules should always be taken into account. The surface formation route of 
HNCO is an important step to explain the observation of XCN spectral bands: HNCO can 
easily yield OCN- in various thermally induced acid-base reactions. Finally, we discuss the 
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implications of HNCO in astrobiology, and suggest a new possible solid-state formation 
route of peptides and their fragments. 
 
In Chapter 7, the deuterium enrichment of species produced on the surface of interstellar 
grains is investigated. In Chapter 6, NH3 was for the first time detected in situ through the 
N+H reaction route. This allows us to further expand this study and to perform the 
simultaneous addition of hydrogen and deuterium atoms to nitrogen atoms in CO-rich 
interstellar ice analogues in order to study the exact fractionation of the formed NH3, NH2D, 
NHD2, and ND3 isotopologues at low temperatures (<15 K). The experiments yield a 
deviation from a statistical distribution in favour of deuterium-enriched species. 
Deuteration events are estimated to have a 1.7 times higher probability to take place 
compared to a regular hydrogenation event. It is suggested that the most likely explanation 
for this laboratory result is a higher sticking coefficient of D atoms over H atoms to the 
surface of the ice. This results in a higher surface D-atom density and a preferred formation 
of deuterium enriched ammonia isotopologues. 
 
Chapter 8 focuses on the formation of two molecules of astrobiol gical importance - 
glycolaldehyde (HC(O)CH2OH) and ethylene glycol (H2C(OH)CH2OH) - by surface 
hydrogenation of CO molecules. This laboratory-based research is aimed to simulate the 
CO freeze-out stage in interstellar dark cloud regions, well before thermal and energetic 
processing become predominant. It is shown that along with the formation of H2CO and 
CH3OH – two well-established products of CO hydrogenatio  – side products containing 
more than one carbon atom are formed. The laboratory investigated reaction pathways are 
then implemented into a continuous-time random-walk Monte Carlo model to study their 
impact on the solid-state abundances of glycolaldehy  and ethylene glycol in space. This 
work is particularly important because glycolaldehyde and ethylene glycol are the two 
simplest components of two classes of prebiotic compounds - aldoses (among which the 
most important are sacharides) and polyols (with best-known representative glycerine – a 
basic compound of fats). 
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II 
SURFRESIDE2: An Ultrahigh Vacuum System 
for the Investigation of Surface Reaction Routes 




A new ultrahigh vacuum experiment is described to study atom and radical addition 
reactions in interstellar ice analogues for astronomically relevant temperatures. The new 
setup - SURFRESIDE2 - allows a systematic investigation of solid state pathways resulting 
in the formation of molecules of astrophysical interest. The implementation of a double 
beam line makes it possible to expose deposited ice mol cules to different atoms and/or 
radicals sequentially or at the same time. Special efforts are made to perform experiments 
under fully controlled laboratory conditions, including precise atom flux determinations, in 
order to characterize reaction channels quantitatively. In this way we can compare and 
combine different surface reaction channels with the aim to unravel the solid state 
processes at play in space. Results are constrained in situ by means of a Fourier transform 
infrared spectrometer and a quadrupole mass spectrometer using RAIRS and TPD, 
respectively. The performance of the new setup is demonstrated on the example of carbon 
dioxide formation by comparing the efficiency through two different solid state channels 
(CO + OH → CO2 + H and CO + O → CO2) for which different addition products are 
needed. The potential of SURFRESIDE2 to study complex molecule formation, including 
nitrogen containing (prebiotic) compounds, is discussed. 
 
 
S. Ioppolo, G. Fedoseev, T. Lamberts, C. Romanzin and H. Linnartz, 2013, Rev. Sci. Instrum., 84, 073112 
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2.1 Introduction 
 
More than 180 different molecules, not including isotopes, have been identified in the 
space around and in between stars, i.e., the circum- and interstellar medium. It is 
commonly accepted that this chemical diversity is the outcome of a complex interplay 
between reactions in the gas phase and on icy dust grains. The latter have been identified in 
space and are currently topic of dedicated laboratory simulations. During the last decade, 
the introduction of ultrahigh vacuum systems has improved our understanding of molecule 
formation in the solid state for astronomically relevant temperatures, introducing a new 
research field: solid state astrochemistry. Fully controlled laboratory experiments have 
shown that new molecules form in and on the ices upon thermal processing; energetic 
processing induced by vacuum UV light, X-rays, cosmic rays, and electrons; and 
non-energetic processing like atom bombardment. Meanwhile it has been confirmed that, 
except for CO that is efficiently formed in the gas phase, the bulk of interstellar ices (i.e., 
water, carbon dioxide, methanol, formaldehyde, formic acid, ammonia) is formed in the 
solid phase through surface reactions (Hiraoka et l. 1994, Watanabe & Kouchi 2002a, 
Fuchs et al. 2009, Miyauchi et al. 2008, Ioppolo et al. 2008, Matar et al. 2008, Dulieu et al. 
2010, Oba et al. 2010a, Ioppolo et al. 2011a, Noble et al. 2011, Ioppolo et al. 2011b, 
Loeffler et al. 2005, Ioppolo et al. 2009, Raut & Baragiola 2011, Fulvio et al. 2012, 
Linnartz et al. 2011). The focus in this paper is on a new UHV setup able to study atom 
and radical addition reactions in interstellar ices. In recent years, the formation of a number 
of molecules was proven upon CO, O2, and O3 hydrogenation, yielding H2CO, CH3OH, 
H2O2, and most importantly H2O (Watanabe & Kouchi 2002a, Fuchs et al. 2009, Miyauchi 
et al. 2008, Ioppolo et al. 2008, Matar et al. 2008, Ioppolo et al. 2010, Cuppen et al. 2010, 
Mokrane et al. 2009, Romanzin et al. 2011). Also more complex species such as ethanol 
(CH3CH2OH) upon ethanal hydrogenation (Bisschop et al. 2007a) and hydroxylamine 
(NH2OH) following NO hydrogenation (Congiu et al. 2012a, Congiu et al. 2012b, 
Fedoseev et al. 2012) have been shown to form in the solid state. Th  latter is a potentially 
important prebiotic precursor of glycine and β-alanine (Blagojevic et al. 2003). Not only 
reaction products have been determined in this way, but also the underlying reaction 
schemes have been characterized as well as their depen nce on a number of variable 
parameters, such as temperature, H-atom flux, ice morphology (mixing ratio, thickness, and 
structure). It is found that the chemical processes involved are far from trivial and this only 
gets more complicated when ice mixtures are studied (Ioppolo et al. 2009a, Ioppolo et al. 
2009b, Fedoseev et al. 2012). 
The majority of these experiments have been realized using setups in which a single 
atom/radical source is available for ice processing. This comes with restrictions, as 
reactions are limited to one specific impacting species. A second beam line offers much 
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additional potential, i.e., the simultaneous or sequential bombardment of an ice with 
different constituents, for example H- and D-atoms to study isotopic effects, or H- and 
O-atoms or H- and N-atoms to combine hydrogenation with oxygenation or nitrogenation 
reactions, in order to grow more and more complex molecules. The new SURFace 
REaction SImulation DEvice allows ice deposition using two deposition lines and 
comprises two separate atom beam lines for ice processing. In the following, the setup is 
denoted as SURFRESIDE2. This next generation UHV setup has been constructed with the 
specific aim to “unlock the chemistry of the heavens", by studying molecular complexity in 
interstellar ice analogues upon atom/radical addition reactions.  
The focus here is on a quantitative characterization of the experimental properties of 
SURFRESIDE2, using a new approach to fully characterize atom fluxes. Its performance is 
demonstrated through different reactions in the ice resulting in CO2 formation. Solid 
carbon dioxide is found in relatively large abundances w.r.t. water ice, typically at the level 
of 13−29% towards high- and low-mass stars, see Oberg et al. (2011). Consequently, it 
offers an excellent tracer to characterize the chemical history of the interstellar medium, 
provided that its formation scheme is well understood.  
2.2 System description 
SURFRESIDE2 consists of three distinct UHV chambers (Fig. 2.1). In the main chamber, 
ices are deposited with monolayer precision and processed at astronomically relevant 
temperatures. Reflection-Absorption Infrared Spectroscopy (RAIRS) and Temperature 
Programmed Desorption (TPD) are used as analytical ools to characterize the ice 
composition. In the other chambers different atom surces are mounted for the controlled 
production of well-characterized atom (molecular) beams. Shutters separate the beam line 
chambers from the main chamber and allow an independent operation of the individual 
beam lines. 
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Figure 2.1. A schematic top-view of the experimental apparatus. 
 
2.2.1 Main chamber 
 
The custom-made ultrahigh vacuum 304 stainless steel main chamber has a diameter of 30 
cm and is provided with eight lateral CF 35, two later l CF 16, one top CF 63 and one 
bottom CF 200 flange connections (#1 in Fig. 2.1). A gate valve connects the 
bottom-flange with a 260 l/s (for N2) turbomolecular pump (Pfeiffer Vacuum, TMU 261P). 
The CF 35 lateral flanges are used to connect the main chamber to the two atom lines (#8 
and #12 in Fig. 2.1), an active cold cathode transmitter (Pfeiffer Vacuum, IKR270) for 
pressure readings in the 5·10−11 - 0.01 mbar range, and a quadrupole mass spectrometer 
(QMS; Spectra - Microvision Plus; #3 in Fig. 2.1). Two CF 35 windows are used for in- 
and out-going light from a Fourier transform infrared spectrometer (FTIR; Agilent 
Technologies Cary 600 Series; #4 in Fig. 2.1). The two CF 16 flanges are used as inlet for a 
double ice deposition dosing line (#11 in Fig. 2.1), while a differentially-pumped (Leybold 
Vacuum, TW 300) ϑ rotatable stage (0°-360°) connects the top-flange to a helium 
closed-cycle refrigerator (ASR Inc.; #2 in Fig. 2.1).  
The room temperature base pressure of the main chamber is in the low 10−10 mbar 
regime. An optically-flat gold-coated copper substrate (2.5 x 2.5 cm2) is placed in the 
center of the main chamber and is in thermal contact with the cold finger of the helium 
closed-cycle cryostat. The gold surface is not representative for interstellar grain surfaces, 
but it is an effective heat conductor, highly reflective in the mid-infrared, and chemically 
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inert, i.e., the substrate plays no role in catalyzing chemical re ctions or processes at the 
substrate surface. Moreover, ice thicknesses are typically more than ten monolayers, 
reducing the role of the substrate. Therefore, it is well suited to study interstellar relevant 
reaction routes that occur on and in ice samples. The substrate temperature is varied 
between 12 and 300 K with a relative precision of 0.5 K through a cryogenic temperature 
controller (LakeShore model 340). To achieve temperatures as low as 12 K an aluminum 
thermal shield kept at ~77 K surrounds the cold finger and the back-side of the sample. The 
temperature of the sample is changed and monitored by means of heating wires and 
thermocouples, respectively. The heating wires are mounted around the cold finger close to 
the substrate, while the two KP-type thermocouples are connected above and below the 
gold substrate. The absolute temperature accuracy is better than 2 K. This is checked by 
monitoring the well known desorption temperature of v latile species like for instance CO, 
N2, and O2 (Acharyya et al. 2007). 
An all metal high-vacuum stainless steel ice deposition dosing line is used to prepare, 
store and introduce gas mixtures into the main chamber. The pressure in the deposition 
dosing line is monitored mass independently by means of an active capacitance transmitter 
(Pfeiffer Vacuum, CMR361) in the range between 0.1 and 1100 mbar. Lower pressures are 
monitored with an active Pirani transmitter (Pfeiffr Vacuum, TPR280) (5·10−4 to 1000 
mbar). The deposition dosing line is first pre-pumped with a diaphragm pump (ABM, VDE 
0530) and then with a 180 l/s (for N2) turbomolecular pump (Pfeiffer Vacuum, TPH 180H) 
to reach low pressures (<5·10−4 mbar). Gaseous species are admitted into the main ch mber 
through a dosing line comprising of two separate all-metal leak valves connected to gas 
reservoirs. Therefore, different gases can be prepared nd stored in two different sections 
of the dosing line and then deposited separately or simultaneously onto the gold substrate. 
Deposition proceeds under an angle of 90° and 68°, respectively, and with a controllable 
flow between 10−8 and 10−7 mbar s−1, where 1.3·10−6 mbar s−1 corresponds to 1 Langmuir 
(L). Gas-phase species are monitored during deposition mass spectrometrically by means 
of the QMS, which is placed behind the substrate and mounted opposite to one of the two 
atom lines. 
 
2.2.2 Analytical tools 
 
Ices are monitored in situ by means of RAIRS using the FTIR, which covers the range 
between 4000 and 700 cm−1 (2.5−14 µm). A spectral resolution between 1 and 4 cm−1 is 
generally used and between 128 and 512 scans are co-added. The infrared beam coming 
from the FTIR is slowly diverging. Therefore, a series of λ/4 precision gold-coated mirrors 
(Edmund Optics and Thorlabs) is used to focus the beam onto the gold substrate (#5 in Fig. 
2.1). The first one (M1) is a spherical mirror with a diameter of 76.2 mm and an effective 
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focal length (EFL) of 762 mm. This mirror is used to gently converge the beam. The 
second (M2) and the fourth mirror (M4) are flat mirrors, while the third one (M3) is a 
spherical mirror with a diameter of 75.0 mm and an EFL of 500 mm. The latter focusses 
the beam onto the substrate with a glancing angle of ~8°. The main chamber mounts two 
Zinc Selenide (ZnSe) CF 35 view ports that act as avacuum seal and allow the IR beam to 
enter and leave the chamber with a transmission >95% in the range between 4−20 µm. The 
out-going beam is then focussed into a narrow band and LN2 cooled Mercury Cadmium 
Telluride (MCT; #7 in Fig. 2.1) detector by means of a 90° off-axis parabolic gold-coated 
mirror (M5) with a diameter of 50.8 mm and a reflected EFL of 50.8 mm. The external 
optics and the detector are mounted in metal boxes (#6 in Fig. 2.1). These boxes as well as 
the FTIR are purged with dry-air to minimize atmospheric absorptions. 
Two different experimental procedures are applied when using the FTIR. During 
pre-deposition experiments, ices are first deposited onto the gold substrate and 
subsequently exposed to atoms. To detect newly formed stable solid species, RAIR 
difference spectra are acquired during atom exposure with respect to a background 
spectrum of the initial deposited ice. In co-depositi n experiments, molecules and atoms 
are simultaneously deposited onto the substrate. Th formation of intermediate species and 
final products is controlled by changing the deposited molecule/atom ratio. In this case, 
RAIR difference spectra are acquired during co-deposition with respect to a background 
spectrum of the bare gold substrate. 
At the end of the atom exposure a TPD experiment ca be performed: the sample is 
heated linearly (i.e., with a constant rate between 0.1 and 10 K/min) till the ice is fully 
desorbed. The thermal desorption can be followed spectroscopically by using the FTIR. 
Alternatively, the sample can be turned 135° to face the QMS. In this way, gas-phase 
species thermally desorbed from the ice are monitored mass spectrometrically. The 
desorbed species are recorded as a function of temperature by the QMS, which produces a 
signal proportional to the number of incoming molecu s as a function of their mass to 
charge ratio (m/z). The incoming molecules first ener the ion source of the QMS, where 
they are ionized through electron bombardment by electrons released from a hot filament. 
The resulting ions are then focussed, selected and directed onto a Faraday detector, which 
collects the ions directly, allowing the ion current to be monitored. Alternatively, for higher 
sensitivity, a Channel Electron Multiplier (CEM) can be used. This type of detector is a 
Secondary Electron Multiplier (SEM) in which a large negative potential ( ~2000 V) is 
used to attract the ions into the channel entrance. Th  channel is coated with a material that 
readily releases secondary electrons upon ion/electron impact. This produces a cascade of 
electrons down to the channel which can be detected, either as an electron current, or as a 
series of pulses. 
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TPD combined with a QMS is a sensitive technique, but it has several disadvantages: 
surface reaction products that remain in the solid phase cannot be probed in situ; additional 
surface reactions during the TPD (i.e., during the linear heating of the ice and before 
complete desorption of the species) cannot be excluded; quantifying the desorbing species 
is not trivial as some of the interesting species have equal (i.e., undistinguishable) masses 
and the analysis of the fractionated components of species upon electronic bombardment is 
not always straightforward. Finally, a TPD experiment inherently involves the destruction 
of the ice. Therefore, QMS data are mainly used here to constrain RAIRS data acquired 
during atom exposure of the ice. 
 
2.2.3 Data analysis 
 
After fitting the infrared spectra with connected straight baseline segments, the column 
densities (molecules cm−2) of newly formed species can be determined from the integrated 









where A(ν) is the integrated absorbance and SX is the corresponding band strength. This 
equation can, however, only be used for thin ice lay rs. Teolis et al. (2007) showed that the 
proportionality between the optical depth and the ice abundance breaks down for thicker 
layers (~20 ML onwards); the integrated band area oscillates as a function of the layer 
thickness due to optical interference that is caused by the reflection at both the 
film-vacuum and film-substrate interfaces. 
Since literature values of transmission band strenghs cannot be used directly in 
reflectance measurements (Greenler 1966), an apparent bsorption strength of stable 
species has to be calculated from calibration experiments. The determination of this 
apparent absorption strength is setup dependent. Therefore we performed a series of 
isothermal desorption experiments for the new apparatus introduced here to derive these 
values. Briefly, a layer of the selected ice is deposited at a temperature lower than its 
desorption temperature. The sample is then linearly heated to a temperature close to its 
desorption value. Infrared spectra are acquired regularly until the desorption of the ice is 
complete. The transition from zeroth-order to first-order desorption is assumed to occur at 
the onset to the submonolayer regime and appears in the desorption curve as a sudden 
change in slope (see Fig. 2.2). The apparent absorption strength in cm−1 ML−1 is then 
calculated by relating the observed integrated areato 1 ML in the modified Lambert-Beer 
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equation. We estimate the uncertainty of band streng hs determined in this way to be large 
but within 50% (also see Fuchs et al. 2009, Ioppolo et al. 2011, Fraser et al. 2001). 
The determination of the band strength allows for a quantitative study of stable 
species formed upon atom exposure of the ice. This is mostly the case in pre-deposited 
experiments. Isothermal desorption experiments of unstable intermediate species cannot be 
performed and therefore their band strengths cannot be derived. Thus, a qualitative study is 
generally performed in co-deposition experiments where unstable species are frozen in ice 
matrices and then detected in the infrared. In this case, formation trends of detected species 
are followed by integrating the corresponding band rea as a function of time, i.e., without 
calculating column densities. As a consequence, only f rmation trends of the same species 
obtained under different experimental conditions (e.g., ice temperature, atom flux, ice 
composition) can be compared, but this still allows to derive valuable information on the 
involved reaction network. 
 
Figure 2.2. The decrease in integrated absorbance of CO2 following desorption at a constant temperature 
of 82 K. The arrow indicates the transition point from the multi- to sub-monolayer regime. 
 
2.2.4 Atom beam lines 
 
Two different atom sources are used, one (HABS) based on thermal cracking, and the other 
(MWAS) using a microwave discharge (#9 and #13 in Fig. 2.1). The two custom-made 
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atom line chambers present identical geometrical chracteristics (see Figs. 2.3 and 2.4): 
they are both pumped by 180 l/s (for N2) turbomolecular pumps (Varian, TV 301 NAV); 
their room temperature base pressure is in the high 10−10 mbar regime (micro ion gauges, 
Granville-Phillips); they both are situated under an ngle of 45° with respect to the 
substrate, both during single or simultaneous operation; a shutter is used to separate the 
lines from the main chamber; and a quartz pipe is placed after the shutter and along the 
path of the dissociated beam. The nose-shaped form of the pipe is designed to efficiently 
quench the excited electronic and ro-vibrational sttes of species through collisions with 
the walls of the pipe before they reach the ice sample. The geometry is designed in such a 
way that this is realized through at least four wall co lisions of the atoms before leaving the 
pipe. In this way, “hot" species cannot reach the ice directly. 
Two separate all metal dosing lines are used to prepare and inlet pure gasses and 
mixtures into each of the atom sources (#10 and #14 in Fig. 2.1). The dosing lines are 
pre-pumped with the same diaphragm pump that is used for evacuating the deposition 
dosing line. Each of the atom lines is then pumped with a 70 l/s (for N2) turbomolecular 
pump (Pfeiffer Vacuum, TMU 071P). The room temperature base pressure of these lines is 
< 1·10−5 mbar and is monitored by means of a compact process ion gauge for each line 




An all metal precision leak valve is used to admit H2/D2 molecules (99.8% purity, Praxair) 
from the all metal dosing line into the capillary of a well characterized and commercially 
available thermal cracking source, a Hydrogen Atom Beam Source (HABS, Dr. Eberl 
MBE-Komponenten GmbH), see Tschersich & von Bonin (1998), Tschersich (2000), 
Tschersich et al. (2008), which is used to hydrogenate/deuterate the sample through heating 
the capillary from 300 to a maximum of 2250 K by a surrounding tungsten filament (see 
top-box in Fig. 2.3). During experiments the H + H2 (D + D2) flow through the capillary 
and the temperature of the tungsten filament are controlled and kept constant by adjusting 
the all metal valve position and the voltage of thepower supply of the HABS (Delta 
Elektronika, SM 7020-D). The temperature of the filament is monitored by means of a 
C-type thermocouple placed close to the filament and inside the internal thermal shield. To 
prevent melting of components a water cooling system is implemented into the source, in 
thermal contact with an external copper thermal shield. The temperature of this shield is 
controlled with a second C-type thermocouple. The HABS is used in horizontal mode. 
A wide range of atom beam fluxes is accessible with this source by changing the 
pressure in the capillary pipe and/or the temperature of the filament. Typically values cover 
a range from 1011 to 1013 atoms cm−2 s−1. Atom fluxes are measured at the sample position 
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in the main chamber, following a procedure described in section 2.2.5.1 (also see Bergh et 
al. 1999, Hidaka et al. 2004, Ioppolo et al. 2010). 
As aforementioned, a quartz pipe is placed along the path of the beam (i.e., after the 
shutter and before the sample in the main chamber) to cool the beam to room temperature. 
Previous experiments with liquid nitrogen cooled atom beams did not show any H/D-atom 
temperature dependence in CO hydrogenation reaction processes compared to experiments 
at room temperature (Watanabe & Kouchi 2002a). It is important to note that the relatively 
high temperature of 300 K of the incident H/D atoms in our experiments does not affect the 
experimental results, since H/D atoms are thermally djusted to the surface temperature 
before they can react with other species through Langmuir-Hinshelwood mechanism, as 
shown in Fuchs et al. (2009), Hidaka et al. (2007), Watanabe t al. (2006). 
 
Figure 2.3. A schematic side-view of the atom line (HABS) with the thermal cracking H/D atom source 
and the main chamber 
 
 
2.2.4.2  MWAS 
 
A Microwave Atom Source (MWAS, Oxford Scientific Ltd) is included in the second atom 
line to produce beams of different atoms and radicals (e.g., H, D, O, OH, OD, N). Figure 
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2.4 shows a schematic diagram of the MWAS. A 2.45 GHz microwave power supply 
(Sairem) produces up to 300 W that are coupled into a microwave cavity. Along this path a 
circulator is placed to avoid that the back-reflected power enters the power supply. A 
custom-made double tuner is placed after the circulator and before the microwave cavity to 
minimize the back-reflected power that ultimately is dissipated in a resistor. Part of the 
back-reflected signal is monitored by means of an oscill scope (Tektronix, TDS 2012) 
connected to an attenuator and a crystal detector (Aertech Industries). An antenna (coaxial 
transmission line) connects the microwave cavity to a boron nitrite chamber in which 
gasses enter through the all metal precision leak valve of the dosing line (see top-box in Fig. 
2.4). A plasma is created in a coaxial waveguide by coupling a radially symmetric 
2.45 GHz microwave field to ions on the 86 mT surface of a multi-polar magnetic array 
(permanent magnets). The plasma is enhanced by the electron cyclotron resonance (ECR) 
effect. A water cooling system keeps the source and particularly the antenna close to room 
temperature. Moreover, the absence of a hot filament p rmits operation with most gases 
including reactive gases such as oxygen and nitrogen.  
A specially designed alumina aperture plate allows reactive neutrals to escape from 
the plasma. The addition of an ion-trap (i.e., two metal plates charged by a Oxford 
Scientific DC power supplier) can deflect the residual ion content from the beam, 
preventing ion exposure of the sample. All the electronically and ro-vibrationally excited 
species coming from the source are quenched through multiple collisions on passing 
through a quartz pipe before they reach the sample. Different plasma cavity pressures 
and/or different plasma power values give access to a wide range of atom fluxes, typically 
between 1010 and 1013 atoms cm−2 s−1. These numbers depend on the dissociated species 
(see next section). 
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Figure 2.4. A schematic side-view of the atom line (MWAS) with the microwave plasma atom source and 
the main chamber. 
 
2.2.5  Beam flux determinations 
 
In order to measure the absolute D-atom fluxes for HABS and MWAS in the main chamber, 
the gold substrate is removed and the inlet of the QMS is placed at the center of the 
chamber facing the two atom lines, exactly at the same position and with the same angle 
that the substrate has when the ice is deposited and exposed to atom beam bombardment 
(see also Hidaka et al. 2007, Ioppolo et al. 2010). Since the sensitivity of the standard 
1−200 amu QMS does not allow an accurate measurement at mass 1 amu, we measure the 
absolute D-atom fluxes instead of the H-atom fluxes for HABS and MWAS by following 
the aforementioned procedure. H-atom fluxes are then d rived from the H/D ratio as 
obtained in selected experiments discussed in section 2.2.5.1. 
The other MWAS absolute atom fluxes (e.g., oxygen and nitrogen) cannot be measured 
mass spectrometrically because the background signal from the fractionated molecular 
species coming from the molecular component of the beam and the residual gas in the main 
chamber interferes with the signal coming straight from the atom beam. Therefore, 
effective O/N-atom fluxes are derived at the ice surface by using a new calibration method 
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described here for the first time and based on measuring the formation yield of final 
products of barrierless surface reactions (see sections 2.2.5.2 and 2.2.5.3). 
 
2.2.5.1 H/D-atom beam fluxes 
 
The D-atom and D2 molecule fluxes for both HABS and MWAS are measured by 
monitoring masses 2 and 4 amu, respectively. Once the source is turned on, an increase in 
intensity of the D atoms is monitored with the QMS. The QMS measurements do not 
directly give the D-atom flux values. However, the increase in intensity of the QMS signal, 






The setup specific proportionality factor a is measured from eq. (2.2) by introducing 
in the main chamber D2 molecules instead of D atoms. The choice of D2 is given by the 
fact that the factor a is independent of gas species, and that the D-atom beam contains a 
significant amount of undissociated D2 molecules. Therefore, an exact measurement of 
∆PD is not trivial, while ∆PD2 can be easily measured. The absolute D-atom fluxes ar  



















T , (2.3) 
 where cD is the calibration factor for the pressure gauge for D atoms taken from the 
specifications, 〈v〉 is the thermal velocity of the D atoms at 300 K, kB is the Boltzmann 
constant, and T is the D-atom temperature. Different D-atom fluxes are obtained by 
varying the filament temperature and/or the D2 inlet flow with the HABS, and by changing 
the plasma cavity pressure and/or plasma power with the MWAS. Figure 2.5 shows the 
D-atom flux values produced by the HABS (left panel) and by the MWAS (right panel), as 
measured at the substrate site for different parameter s ttings. The relative error for D-atom 
fluxes (HABS and MWAS) is within 10%. The absolute error is within 50%. These errors 
may seem large, but it should be noticed that here atom fluxes at the ice surface are actually 
determined experimentally, whereas in previous studies these numbers are generally only 
estimated. 
Since an absolute H-atom flux cannot be directly measured, the comparison between H- 
and D-atom fluxes is difficult. We compared the H2O2 and D2O2 formation rate upon O2 
hydrogenation and deuteration, which is flux dependent, in two identical 25 K experiments 
for both the HABS and the MWAS. The H2O2 formation rate was found to be a factor of 
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~2 higher than the D2O2 formation rate for both sources. This value confirms our previous 
finding in Ioppolo et al. (2010) and is used here to scale H-atom fluxes with an uncertainty 
of 50%. This simplistic way of measuring a scaling factor between H- and D-atom fluxes 
does not however take into account that H and D atoms can differ by (i) sticking 
probability onto the surface, (ii) hopping rate, (iii) HO2 + H (DO2 + D) branching ratio and 
reaction barrier, (iv) desorption probability, and (v) recombination probability with other 
H/D atoms. Therefore, a new method for the determinatio  of the H-atom fluxes, based on 
trapping H and D atoms inside an O2 ice matrix, is used in a future work to determine th
effective H/D-atom fluxes at the ice surface. In brief, the reaction H + O2 → HO2 is 
barrierless under certain incoming angles in the gas phase. During co-deposition 
experiments, the angle dependence has a negligible physical importance since the oxygen 
beam provides O2 molecules with a range of different orientations at the surface before 
they can align Lamberts et al. (2013). Therefore, the amount of HO2 (DO2) formed in the 
ice is proportional to the H- (D)-atom flux, and gives us an estimate of the effective fluxes 
at the cold surface. Preliminary results show that t e trends found in Fig. 2.5 for the 
D-atom fluxes are reproduced for the H-atom fluxes as well, but an exact ratio between the 
H/D fluxes is still to be determined and will not be discussed here. 
 
 
Figure 2.5. D-atom flux values as measured for the HABS (left panel) and the MWAS (right panel) at the 
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2.2.5.2 O-atom beam fluxes 
 
The effective MWAS O-atom fluxes (i.e., oxygen atoms directly involved in surface 
reactions) are derived by measuring the final column density of newly formed ozone ice 
after co-deposition of 16O atoms and 18O2 molecules at 15 K. The reaction O2 + O → O3 is 
barrierless (Campbell & Gray 1973, Lin & Leu 1982), and therefore, we can safely assume 
that most of the oxygen atoms available for reaction on the surface will recombine to form 
ozone ice. Co-deposition experiments are used in order to avoid limitations in penetration 
depth of oxygen atoms into molecular oxygen ice. 
Final fluxes are calculated from the knowledge of the duration of O-atom exposure, 




  (4.4) 
 
where ƒX is the O-atom flux, and NX' = NO3 = 
16O18O18O + 16O16O16O in monolayers. We 
do not count the 16O3 contribution three times because solid 
16O3 is not likely to be formed 
through the sequential merging of 16O atoms on the surface of the ice. Most of the 16O2 can 
indeed form in the quartz pipe through recombination of 16O atoms (see section 2.2.4.2), or 
it originates from a not fully dissociated beam, mainly in the case that 16O atoms form 
through dissociation of 16O2 gas molecules. The overall contribution of 
16O2 originating 
from the atom line is considerably smaller when N2O is used instead of 
16O2 as a precursor 
gas to produce 16O atoms. This can be checked by comparing the amount of 16O3 formed in 
the ice in co-deposition experiments of 16O (from 16O2) + 
18O2 at 15 K with the amount of 
16O3 formed in similar co-deposition experiments with 
16O from N2O. Moreover, the 
amount of 16O3 can be controlled by changing the ratio 
16O/18O2. An over-abundance of 
18O2 minimizes the amount of 
16O3 formed in the ice because 
16O atoms react mostly with 
18O2. A negligible amount of 
16O3 in the co-deposition experiments gives NO3 ≈ 
16O18O18O, 
and therefore a more direct and accurate O-atom flux value. This is true, especially when 
16O atoms are obtained from N2O. Finally, the non-detection of the other ozone 
isotopologues (e.g., 18O16O16O, 18O16O18O, or 18O18O18O) in our experiments indicates that 
isotopic exchange induced by surface destruction reactions, like O3 + O → 2 O2, is under 
the detection limit. Therefore, our method can be safely used to characterize the O-atom 
beam fluxes produced by the MWAS. 
To quantify the amount of ozone produced in the oxygen flux-determination 
experiments, we derived the absorption band strength of ozone in two different ways: (i) 
performing an isothermal desorption experiment as de cribed in section 2.2.3 (see left 
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panel of Fig. 2.6); (ii) measuring the consumption f ozone through hydrogenation 
reactions and assuming that hydrogen can penetrate only up to 2 ML of ozone ice. In the 
first case, in order to determine one monolayer of oz ne, we first produce 16O18O18O during 
3 hrs of co-deposition of 16O and 18O2 at 35 K. Subsequently, an isothermal desorption 
experiment is performed at 58.5 K. From the offset b tween zeroth-order and first-order 
desorption we estimate the band strength of 16O18O18O. In the second case, a co-deposition 
of 16O and 18O2 at 15 K is performed for 3 hrs to form again 
16O18O18O. The ice is then 
annealed to 50 K in order to remove the molecular oxygen and to realize a pure ozone ice. 
The 16O18O18O ice is then exposed to H atoms at 15 K to monitor the destruction of the 
ozone layer. Assuming that only ~2 ML of ozone ice ar fully hydrogenated, Romanzin et 
al. 2011 derive the number of ozone molecules destroyed upon hydrogenation per 
monolayer, which gives us back the apparent band strength for 16O18O18O. The final band 
strength for ozone is confirmed within 30% of uncertainty by the two different methods.  
To verify that 1 ML of ozone is destroyed by 1 ML of H or D atoms (following 
reaction O3 + H/D → O2 + OH/OD), and that our calibration methods used here to 
determine the D/H/O/N atom fluxes lead to coherent results, we performed a control 
experiment. A new co-deposition of 16O and 18O2 at 35 K is performed for 40 minutes to 
form ~2 ML of 16O18O18O ice. The ice is then heated up to 50 K in order to have a layer of 
pure ozone ice. The 16O18O18O ice is then exposed to D atoms at the same temperatur  to 
monitor the destruction of the ozone layer versus the time of exposure. We use D atoms 
instead of H atoms, because the deuterium flux is more accurately determined, as described 
before. Moreover, at 50 K secondary reaction products, like O2, will desorb without 
reacting with D atoms and therefore leaving mainly O3 on the surface to be processed. The 
right panel of Fig. 2.6 shows three infrared spectra of ozone ice at different thickness in the 
range of the ν3 mode (see Table 2.2). These spectra are acquired during the deuteration of 
the ~2 ML of 16O18O18O ice. The central panel of Fig. 2.6 shows the integrated absorbance 
of 16O18O18O versus the D-atom fluence. The left panel shows the aforementioned 
isothermal desorption experiment of O3 ice at 58.5 K used to identify the integrated 
absorbance of solid O3 that corresponds to 1 ML of thickness. From the knowledge of the 
ozone apparent band strength and the data shown in the central panel of Fig. 2.6, we derive 
that 1 ML of O3 is consumed by ~1.5 ML of D atoms, which is within the experimental 
uncertainties of apparent band strength and D-atom flux determination.  
The 16O3 apparent band strength is obtained from the available data for 
16O18O18O for 
our setup and the ratio between the transmission band strengths for 16O3 and 
16O18O18O (for 
the transmission band strength values see Sivaraman et l. (2011). According to eq. 4 
standard O-atom fluxes span in the range between 1011 and 1012 atoms cm−2 s−1. The 
O-atom flux values shown in Table 2.1 have to be considered as lower limits because (i) 
fluxes are derived indirectly (effective fluxes), (ii) some of the 16O can recombine on the 
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surface of the ice, and (iii) 16O2 can potentially not be further oxygenated to form ozone 
because it is trapped into the 18O2 matrix. The dissociation rates shown in Table 1 are 
obtained by comparing the undissociated molecular component of the beam (i.e., N2O, O2, 
N2) measured mass spectrometrically (i.e., with the atom source on and the QMS placed at 
the center of the main chamber) with the O- and N-atom flux values as derived in sections 
2.2.5.2 and 2.2.5.3, respectively. 
 
 
Figure 2.6. The left panel shows the isothermal desorption experiment of O3 ice at 58.5 K. The central 
pannel shows the destruction of ~2 ML thick O3 ice versus the D-atom fluence at 50 K. In both left and 
center panel, the lines and the circle are used to guide the eye. The right panel shows selected infrared 
spectra of ozone deuteration at 50 K for different ice thicknesses in the spectral range of the ν3 mode. 
 
2.2.5.3 N-atom beam fluxes 
 
As for the MWAS O-atom fluxes, the determination of ef ective nitrogen-atom fluxes is 
obtained indirectly by measuring the final column density of newly formed dinitrogen 
trioxide (N2O3) ice after co-deposition of 
15N atoms and NO molecules at 15 K. In this 
particular experiment, a sequence of barrierless (or very low barrier) surface reactions is 
involved in the formation of N2O3 (Campbell & Gray 1973, Schieferstein et al. 1983, 
Markwalder et al. 1993): N + NO → N2 + O, NO + O → NO2, and NO2 + NO → N2O3. 
Therefore in this specific case, N-atom fluxes are di ctly proportional to the amount of 
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N2O3 formed in the ice, and are determined by using eq. (2.4), where ƒX is the N-atom flux, 
and NX' = NN2O3 which is the amount of monolayers of N2O3 formed in the ice after a 
certain time of N-atom exposure.  
As in section 2.2.5.2, we use two different methods to obtain the apparent N2O3 band 
strength. In particular, two new co-deposition experim nts of NO and O2 are performed at 
15 K. Also in this case N2O3 is formed through surface reactions. The ice obtained from 
these two experiments is in both cases heated up torem ve the NO trapped in the ice. In 
one of the two experiments, the ice temperature is then kept at 121 K to monitor the 
desorption of N2O3 (isothermal desorption experiment). From this experim nt we obtain 
the band strength for N2O3, as discussed in the latter sections. In the second experiment, the 
ice is cooled down again to 15 K and subsequently hydrogenated to see the destruction of 
N2O3. The penetration depth of hydrogen into N2O3 ice is expected to involve only a few 
monolayers, as for O3, CO, and NO ice (Romanzin et al. 2011, Fuchs et al. 2009, Fedoseev 
et al. 2012). Therefore, assuming that only ~2 ML of N2O3 are consumed by the surface 
hydrogenation of the ice, we can estimate the band strength of N2O3 which is found to be 
consistent with the value obtained from the isothermal desorption experiment within 40% 
of uncertainty.  
The N-atom flux values are roughly one order of magnitude lower than the O-atom 
values (see Table 2.1). As explained in section 2.5.2, these values are all lower limits, 
because of the way the fluxes are derived. In the specific case of nitrogen fluxes, the 
formation of N2O3 is a three step reaction, and therefore the single reactant can further react 
with the others to form N2O3, or alternatively desorb, or be trapped in a NO matrix. 
Therefore, we expect the O- and N-atom absolute fluxes to be higher than reported in Table 
2.1.  
 
Table 2.1. The effective O- and N-atom fluxes as derived from the formation yields of solid species in the 
ice upon barrierless reactions (see eq. 4.4). 
 Effective atom flux High Dissociation rate Low Dissociation rate 
 (atoms cm-2 s-1) (%) (atoms cm-2 s-1) (%) 
 16O from O2 9·10
11 8 2·1011 12 
16O from N2O 7·10
11 19 1·1011 10 
15N from 15N2 9·10
10 0.4 — — 
14N from 14N2 8·10
10 0.4 — — 
 
2.3 Experimental results 
 
In this section we present the first science results obtained with SURFRESIDE2 in order to 
demonstrate its performance and to illustrate the pot ntial of the experimental setup. Figure 
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2.7 shows the IR spectrum of 13CO co-deposited with oxygen and hydrogen atoms on a
13.5 K gold substrate (13CO + O + H). This spectrum is compared to co-deposition spectra 
of 13CO and oxygen atoms (13CO + O); 13CO and hydrogen atoms (13CO + H); and oxygen 
atoms and hydrogen atoms (O + H). In all four experim nts, oxygen atoms are produced by 
the MWAS, while hydrogen atoms are formed by the HABS. The 13CO deposition rate 
(0.0075 ML s−1) as well as O- and H-atom fluxes (1·1011 and 1·1013 atoms cm−2 s−1, 
respectively) are kept the same in all the experiments and the spectra shown in Fig. 2.7 are 
all acquired after 45 minutes of co-deposition. As di cussed in section 2.2.5, the O-atom 
flux value is an effective flux at the ice surface, while the H-atom flux is scaled from the 
absolute D-atom flux value which is probably higher than the effective flux at the cold 
surface. Therefore for instance, the H/O ratio presented below has to be considered as an 
upper limit for H atoms. Oxygen atoms are obtained by dissociating N2O in the microwave 
atom source. This explains the presence of nitrogen-bearing species in the ice when the 
O-atom beam line is used (see Fig. 2.7 and Table 2.2). 
The aforementioned experiments demonstrate the advantage of having a double atom 
beam line when investigating surface atom addition reactions. The choice of using one or 
both atom lines allows us to select, investigate, compare, and combine different reaction 
channels. For instance, in order to better interpret results from the simultaneous 
hydrogenation and oxygenation of solid CO, it is necessary to first distinguish the single 
contributions of the different reaction channels, i.e. O + H, CO + H, and CO + O:  
• The O + H spectrum in Fig. 2.7 shows the presence of N2O from the not fully (N2O) 
dissociated O-atom beam. The amount of water formed in this experiment is around the 
detection limit, while H2O2 is below the detection limit. The limiting factor on the 
production of water ice is the number of O atoms avail ble to react with the H atoms on the 
cold surface (H/O ~ 100). After 45 minutes of co-addition of O and H atoms, only 0.2 ML 
of water can be formed assuming that all the oxygen available will react to form water. 
Surface formation of water ice through the hydrogenatio  of O/O2/O3 has been the object 
of many recent physical-chemical and astrochemical relevant studies (Dulieu et al. 2010, 
Miyauchi et al. 2008, Ioppolo et al. 2008, Matar et al. 2008, Ioppolo et al. 2010, Cuppen et 
al. 2010, Lamberts et al. 2013, Mokrane et al. 2009, Romanzin et al. 2011) and is not 
extensively discussed in this paper again.  
• Formaldehyde is clearly present in the 13CO + H spectrum (Fig. 2.7), whereas 
methanol is not. As previously shown Watanabe & Kouchi (2002a), Fuchs et al. (2009), 
formaldehyde and methanol are the main final products of solid CO hydrogenation. 
However, methanol is under the detection limit in the experiment shown in Fig. 2.7 
because of the low penetration depth ( ~ 4 ML) of hydrogen atoms into a CO ice Fuchs et 
al. (2009), as well as a comparable abundance of CO with respect to hydrogen atoms 
(CO/H ~ 0.75). The amount of hydrogen atoms available to react with CO molecules is 
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further lowered by the molecular hydrogen recombinatio  on the surface. Therefore, the 
newly formed H2CO ice is not further hydrogenated under these experimental conditions. 
For other conditions (see Fuchs et al. 2009) it does.  
• The 13CO + O spectrum in Fig. 2.7 is the richest in absorpti n features due to 
N-bearing molecules, like N2O, NO2, N2O3, (NO)2 dimer, and NO monomer. These species 
are either coming from the not fully dissociated O-atom beam or are formed through 
surface oxygenation of other N-bearing species. Alternatively, O atoms recombine in the 
ice with each other to form O2 and O3, or react with CO to form carbon dioxide.  
• The surface reaction products present in the 13CO + O + H spectrum (Fig. 2.7) come 
from the single isolated aforementioned reaction routes as well as from the interaction of 
different reaction products with each other. Ozone, m thanol, and hydrogen peroxide are 
under the detection limit, while water ice is slightly above it. Formaldehyde and mostly 
carbon dioxide are visible in the spectrum. The only itrogen-bearing species clearly 
present in the ice is N2O. In the 
13CO + O + H experiment the final column density of slid 
13CO2 is ten times higher than in the case of the 
13CO + O experiment (see inset in Fig. 
2.7). 
 
Figure 2.7. RAIR co-deposition spectra of 13CO, O- and H-atoms on a 13.5 K gold substrate 
(top-spectrum in main panel, 13CO + O + H); 13CO and O-atoms (second spectrum from the top, 13CO + 
O); 13CO and H-atoms (third spectrum from the top, 13CO + H); and O- and H-atoms (bottom-spectrum, O 
+ H). The inset figure shows the 13CO2 stretching mode region for all four experiments. 
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The focus of the following section is on the formation of solid carbon dioxide at low 
temperatures through surface reactions induced by non-e ergetic processing. The chemical 
origin of solid CO2 as observed in our experiments is subsequently discussed and placed in 
an astronomical context. 
 
Table 2.2. Assigned infrared features with their corresponding references. 
Position, cm-1 Species Mode Reference 
1040 O3 ν3 Brosset et al. (1993), Chaabouni et al. (2000), Bennett & 
Kaiser (2005) 
1162 H2
13CO ν4 Wohar & Jagodzinski (1991) 
1167 N2O 2ν2 Dows (1957), Łapiński et al. (2001) 
1240 H2
13CO ν6 Wohar & Jagodzinski (1991) 
1260 N2O4 ν11 Holland & Maier II (1983) 
1289 N2O ν1 Jamieson et al. (2005), Dows (1957), Łapiński et al. (2001) 
1304 N2O3 ν3 Fateley et al. (1959), Nour et al. (1983) 
1497 H2
13CO ν3 Wohar & Jagodzinski (1991) 
1612 NO2/N2O3 ν3/ν2 Fateley et al. (1959), Jamieson et al. (2005) / Fateley et al. 
(1959), Nour et al. (1983) 
1630 H2O ν2 Hagen & Tielens (1981) 
1694 H2
13CO ν2 Wohar & Jagodzinski (1991) 
1737 t-(NO)2/N2O4 ν1/ν9 Fateley et al. (1959) / Holland & Maier II (1983) 
1766 c-(NO)2/N2O4 ν5/ν9 Fateley et al. (1959), Nour et. al. (1984) / Holland & Maier II 
(1983) 
1833 X-NO  Fedoseev et al. (2012) 
1850 N2O3 ν1 Fateley et al. (1959), Nour et al. (1983) 
1864 c-(NO)2 ν1 Fateley et al. (1959), Nour et al. (1984) 
1872 NO (monomer) ν1 Fateley et al. (1959), Nour et al. (1984), Holland & Maier II 
(1983) 
1888 N2O ν1+ν2 Dows (1957), Łapiński et al. (2001) 
2039 13C18O ν1 Loeffler et al. (2005) 
2066 13C17O ν1 Loeffler et al. (2005) 
2096 13CO ν1 Ewing & Pimentel (1961) 
2139 CO ν1 Sandford et al. (1988) 
2235 N2O ν3 Dows (1957), Łapiński et al. (2001), Jamieson et al. (2005) 
2278 13CO2 ν3 Berney & Eggers (1964) 
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2.3.1 Astrochemical implications 
 
It is generally accepted that due to its low gas-phase abundance (CO2
gas/CO2
ice ≪1) carbon 
dioxide is formed in the solid phase in the interstllar medium on the surface of icy dust 
grains (10−20 K) through surface reactions involving energetic (e.g., UV photolysis, 
cosmic rays irradiation, thermal processing) and non-energetic processing (e.g., atom 
bombardment), see van Dishoeck et al. (1996), Boonman et al. (2003). Solid CO is the CO2 
precursor that has been mostly studied in literature. The most cited surface reaction routes 
involving solid CO are: 
 
 CO + O → CO2,            (2.5) 
  HCO + O → CO2 + H,           (2.6) 
 CO + OH → CO2 + H.           (2.7) 
 
These reaction routes can be activated by both energ tic and non-energetic processing. For 
instance, solid CO2 can form from the interaction of energetic photons/ions and pure CO 
molecules or CO-bearing mixtures (Garozzo et al. 2011, Ioppolo et al. 2013, Moore et al. 
1991, Gerakines et al. 1996, Ehrenfreund et al. 1997, Palumbo et al. 1998, Satorre et al. 
2000, Watanabe t al. 2002b, Loeffler et al. 2005, Ioppolo et al. 2009). Solid CO2 can, 
however, also be formed through photolysis/radiolyss of amorphous carbon capped with a 
layer of water or oxygen ice (Mennella et al. 2004, Mennella et al. 2006, Gomis & 
Strazzulla 2005, Raut e al. 2012, Fulvio et al. 2012).  
In space, thermal atom-addition induced chemistry i more dominant in quiescent cold 
interstellar regions, where newly formed species are protected from radiation to a great 
extent by dust particles. In these regions, solid CO2 can form through reactions (2.5)-(2.7). 
Reaction (2.5) has been investigated experimentally in Roser et al. (2001), Madzunkov et 
al. (2006), Raut et al. (2012). Raut & Baragiola (2011) showed that CO2 forms in small 
quantities during co-deposition of CO and cooled O atoms and O2 molecules into thin films 
at 20 K. The reason for the low CO2 yield is that O atoms react preferentialy with O to 
form O2, and with O2 to form O3. The latter experimental findings, also supported by 
theoretical studies (Talbi et al. 2006), indicate that the surface reaction (2.5) has a barrier of 
~2000 K in the gas phase (Slanger et al. 1972). Moreover, Goumans & Andersson (2010) 
showed that although tunnelling increases the surface reaction rate for reaction O(3P) + CO 
at low temperatures, the onset of tunnelling is at too low temperatures for the reaction to 
significantly contribute to the formation of solid CO2 under interstellar conditions. 
Therefore, reaction (2.5) is not an efficient CO2 formation pathway unless energetic 
processing is involved. Our laboratory results from the CO + O experiment (Fig. 2.7) show 
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indeed a more efficient production of ozone compared to carbon dioxide at 13.5 K, and are 
consistent with previous findings.  
Solid CO2 can also form through reaction (2.6) (Ruffle & Herbst 2001), which is 
experimentally challenging to investigate in the solid phase because other CO2 formation 
reaction routes will compete. Moreover, when the H/O ratio is in favor of H atoms, the 
hydrogenation of CO ice will convert most of the HCO in formaldehyde and methanol. 
Therefore, this route is negligible under our experim ntal conditions, and we will further 
not consider it in our discussion.  
Alternatively, solid CO2 can be formed through reaction (2.7), which yields a HOCO 
intermediate. This complex can directly dissociate, forming solid CO2 and leaving a H 
atom, or can be stabilized by intramolecular energy transfer to the ice surface and 
eventually react with an incoming H atom in a barrierless manner to form CO2 and H2 or 
other products with a purely statistical branching ratio as theoretically shown by Goumans 
et al. (2008). Recently, several independent experimental studies showed that reaction (2.7) 
is an efficient surface CO2 formation channel without need for an energetic input (Oba et al. 
2010a, Ioppolo et al. 2011a, Noble et al. 2011. In earlier work (Ioppolo et al. 2011a), we 
demonstrated with a one beam line system the formation of CO2 at low temperatures 
through reaction (2.7) by hydrogenation of a CO:O2 binary ice mixture. In that case, we 
used a single H-atom beam line. Here, we are able to compare reactions (2.5) and (2.7) 
under the same experimental conditions by using two atom beam lines.  
Reactions (2.5)-(2.7) have never been experimentally compared with each other 
before under the same laboratory conditions. So far, only theoretical work investigated 
these surface reactions within a larger astrochemical reaction network. For instance, Garrod 
& Pauly (2011) studied in their three-phase (gas/surface/mantle) astrochemical model the 
formation and evolution of interstellar dust-grain ices under dark-cloud conditions, with a 
particular emphasis on CO2. By including reactions (2.5)-(2.7) in their reaction network, 
they were able to reproduce the observed behavior of CO2, CO, and water ice in the 
interstellar medium. Furthermore, reaction (2.7) was found to be efficient enough to 
account for the observed CO2 ice production in dark clouds.  
Our experimental results confirm the conclusions found in Garrod & Pauly (2011). 
The 13CO2 formed in the 
13CO + O + H experiment is ten times more abundant than t e 
13CO2 formed in the 
13CO + O experiment. In the 13CO + O + H experiment, solid 13CO2 is 
mainly formed through the HOCO intermediate. Under these experimental conditions, all 
the O atoms will indeed react in a barrierless way ith H atoms to form hydroxyl radicals 
that will either react with another H atom to form H2O, or will react with 
13CO to form 
13CO2. The non-detection of ozone and other N-bearing products formed in the ice is due to 
the overabundance of H atoms, and confirms that O aoms are all used-up to form OH 
radicals. Moreover, the presence of formaldehyde in the ice indicates that H atoms are over 
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abundant with respect to O atoms. Solid HCOOH and H2CO3 are under the detection limit. 
The non-detection of these two species that are formed through the hydrogenation of the 
HOCO complex and the reaction of the latter with the hydroxyl radical, respectively, 
Ioppolo et al. (2011b) and Oba et al. (2010b) indicate that the HOCO complex is 
efficiently dissociated in CO2 + H under our experimental conditions.  
The fact that the 13CO2 formed in the 
13CO + O + H experiment is ten times more 
abundant than the 13CO2 formed in the 
13CO + O experiment indicates that reaction (2.7) 
has a lower activation barrier and is faster than reaction (2.5). Chang & Herbst (2012) 
investigated the surface reaction CO + O + H among thers by means of a unified 
microscopic-macroscopic Monte Carlo simulation of gas-grain chemistry in cold 
interstellar clouds in which both the gas-phase andthe grain-surface chemistry are 
simulated by a stochastic technique. In their model, so id CO2 is produced mainly by 
reaction (2.7), which occurs by a so-called “chain reaction mechanism", in which an H 
atom first combines with an O atom lying above a CO molecule, so that the OH does not 
need to undergo horizontal diffusion to react with CO. Their CO2 calculated abundances 
are in good agreement with observations (Oberg et al. 2011). Moreover, this scenario is not 
far from our experimental conditions, where O and H atoms meet to form OH radicals that 
then further react with neighboring CO molecules to form CO2. This shows that 
SURFRESIDE2 is suited to investigate astrochemical relevant surface reaction networks. 
Chang & Herbst (2012) finally suggested that the solid CO formed in early cold cloud 
stages via accretion and surface reactions is mainly converted into CO2 through reaction 
(2.7). This makes reaction (2.7) to be most likely the main non-energetic CO2 formation 
route under early cold cloud conditions, where H atoms are orders of magnitude more 
abundant than O atoms (Dupuis et al. 2009). Chang & Herbst (2012) also suggested that 
the conversion of CO into CO2 becomes inefficient at later times, where, for the low-mass 
YSO case, there can be a high abundance of almost pure CO, with some conversion to 
formaldehyde and methanol. Under these conditions, solid CO2 can still be formed via 




We have presented a novel and versatile UHV setup designed for the quantitative 
investigation of interstellar relevant surface processes under fully controlled conditions. 
The system implements a main chamber and two atom bea  lines. Molecules are deposited 
in the main chamber onto a cold gold substrate, able to reproduce interstellar dense cloud 
temperatures and ice thicknesses. The ice is monitored with a FTIR spectrometer, while gas 
phase species present in the chamber are monitored with a QMS. As for interstellar ices in 
dense cloud conditions, laboratory ices are exposed to (H/D/O/N) atom beam fluxes. These 
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are accurately determined using a chemical calibration procedure. The choice of using one 
or both atom lines sequentially or at the same time allows us to characterize interstellar 
relevant reaction channels in a bottom-up approach. In particular, the design of the system 
is suited for the isolation of single surface reaction channels and the comparison of their 
efficiency with those of other surface reactions that lead to the same final products. Here 
we demonstrate the potential of the system by studying the efficiency of solid CO2 
formation through surface reactions induced by atom addition. We find that under the same 
experimental conditions CO2 is formed through the reaction CO + OH more efficiently 
than through the reaction CO + O. Our results are in good agreement with the most recent 
astrochemical models and observations (Chang & Herbst 2012, Oberg et al. 2011), and 
therefore show that SURFRESIDE2 has the potential to solve important questions within 
the field of astrochemistry. 
The results that we present here illustrate only one f the possible applications of 
SURFRESIDE2. This system will indeed shine light on several other unresolved topics in 
astrochemistry, such as the competition between hydrogenation and deuteration of 
interstellar relevant species linking planetary H/D abundances to interstellar processes. 
SURFRESIDE2 is ultimately designed to study the surface formation of complex organic 
molecules (COMs), sugars, and amino-acids under interstellar relevant conditions by 
sequential or co-addition of the different reactive components of those species onto the 
cold substrate. The use of a double beam line system is essential to achieve this aim. The 
future implementation of these and similar experimental results into astrochemical models 
that take into account astronomical fluxes and timescales as well as energetic and 
non-energetic processes is needed to understand the pat ways that lead to molecular 
complexity in space. 
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III 
Surface NO Hydrogenation: A Solid Pathway to 
NH2OH Formation in Space 
 
 
Icy dust grains in space act as catalytic surfaces on which complex molecules form. These 
molecules are synthesized through exothermic reactions from precursor radicals and, 
mostly, hydrogen atom additions. Among the resulting products are species of biological 
relevance, such as hydroxylamine - NH2OH - a precursor molecule in the formation of 
amino acids. In this Letter, laboratory experiments are described that demonstrate NH2OH 
formation in interstellar ice analogs for astronomically relevant temperatures via successive 
hydrogenation reactions of solid nitric oxide (NO). Inclusion of the experimental results in 
an astrochemical gas–grain model proves the importance of a solid-state NO + H reaction 
channel as a starting point for prebiotic species in dark interstellar clouds and adds a new 
perspective to the way molecules of biological importance may form in space. 
 
 
E. Congiu, G. Fedoseev, S. Ioppolo, F. Dulieu, H. Chaabouni, S. Baouche, J. L. Lemaire, C. Laffon, P. Parent, T. Lamberts, H. 
M. Cuppen, H. Linnartz, 2012, APJL, 750, L12
 - 52 -
3.1 Introduction 
 
Molecular astrophysicists explain the chemical diversity and complexity in space as the 
cumulative outcome of gas, grain, and gas–grain interactions in dense interstellar clouds, 
the birth sites of stars and planets (Wakelam et al. 2010; Herbst & van Dishoeck 2009). 
More than 180 species have been unambiguously identified so far, and icy dust grains are 
the template where stable species like acetonitrile, a precursor molecule for the simplest 
amino-acid glycine, are formed (Codella et al. 2009, Hudson et al. 2008). In quiescent dark 
clouds, cold grains indeed provide micrometer-sized surfaces onto which gas-phase species 
accrete, meet, and react (van Dishoeck 2004, Öberg et al. 2011). Particularly, 
hydrogenation of interstellar ices, i.e., H-atom additions, can induce the formation of 
species in the solid phase and, therefore, it has been the topic of recent laboratory-based 
studies. The efficient surface formation of the bulk of interstellar ices, i.e., water, methanol, 
carbon dioxide, formaldehyde, and formic acid has been demonstrated through H-atom 
additions of CO- and/or O2-ices under interstellar relevant conditions (Watanabe et al. 
2006, Fuchs et al. 2009, Cuppen et al. 2010, Noble et al. 2011). In space, thermal 
atom-addition induced chemistry occurs mostly at low temperatures (~ 10 K), i.e., in the 
innermost part of the clouds where newly formed species are protected from radiation to a 
great extent by dust particles. These regions are part of collapsing envelopes that feed 
young stellar objects and that provide the original material from which comets and 
ultimately planets are made (Sandford et al. 2006). The solid-state formation of organic 
material is therefore of considerable interest, as efficient surface reaction routes provide a 
general recipe to form prebiotic species in star and planet-forming regions (Charnley et al. 
2001). The focus in this Letter is on hydroxylamine, NH2OH, that has been proposed as an 
important precursor species in the formation of amino acids (Blagojevic et al. 2003, 
Barrientos et al. 2012). Inter- and circumstellar nitrogen chemistry is rather poorly 
understood as well as the mechanisms leading to the inclusion of interstellar nitrogen into a 
refractory aminated species. Charnley et al. (2001) suggested that hydroxylamine can be 
formed through hydrogenation of NO ice under quiescent cloud conditions: 
 
NO H→ HNO H→ H2NO H→ NH2OH.         (3.1) 
 
However, to date there has been no experimental evidence that this reaction indeed 
proceeds. Here, we present a successful attempt to form hydroxylamine under fully 
controlled laboratory conditions via the non-energetic route NO + H on crystalline H2O ice 
and on amorphous silicate, two very realistic analogs of grain surface materials in the 
interstellar medium, and on a bare gold substrate through subsequent hydrogenation 
reactions.  
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3.2 Experimental 
 
The experiments are performed using two different setups: FORMOLISM located at the 
University of Cergy-Pontoise (FR; Accolla et al. 2011) and SURFRESIDE at the Sackler 
Laboratory for Astrophysics in Leiden (NL; Ioppolo et al. 2010). Both setups comprise a 
central ultrahigh vacuum chamber with a base pressure of ~10−10 mbar in which a sample 
holder is mounted in thermal contact with the cold finger of a closed-cycle He cryostat. We 
have studied the reaction NO + H (NO + D) at low temperatures (10–15 K) by exposing the 
substrate surface to a molecular beam of NO and H- (D-) atoms generated in 
state-of-the-art atom beam lines. Atoms are cooled and instantaneously thermalized upon 
surface impact. In Cergy, NO hydrogenation is studied with sequential deposition of NO 
and H- (D-) atoms in the low surface coverage regime not exceeding one monolayer of NO 
on the 10 K silicate or water-ice substrate. In Leiden, co-depositions of NO and H- or 
D-atoms are studied for lower (~ 7·1012 atoms cm−2 s−1) and higher (~ 3·1013 atoms cm−2 
s−1) H- and D-atom fluxes in the high surface coverage regime (>50 monolayers) on the 15 
K cold gold substrate. Newly formed species upon H- or D-atom addition are monitored in 
the solid phase by means of Fourier transform Reflection-Absorption Infrared 
Spectroscopy (RAIRS; Greenler 1966) using vibrational fingerprint spectra in the 
4000–700 cm−1 region and in the gas phase by means of Quadrupole Mass Spectrometry 
(QMS) upon temperature programmed desorption (TPD) by steadily heating the ice and 
monitoring evaporated species. Special efforts have been made to exclude contaminants in 
the ultrahigh vacuum chambers and on the ice surface, the actual reaction site. A series of 
control experiments is performed to assure that the final key product is indeed only due to 
successive hydrogenation of solid NO (Equation (3.1)). 
 
3.3  Results 
 
In the two setups, hydroxylamine is produced at comparable rates on all surfaces regardless 
of the hydrogen isotope used, H or D. Moreover, the NO ice is almost completely 
consumed by an equivalent amount of hydrogen atoms, suggesting a NO + H (NO + D) 
reaction with an efficiency close to one and able to proceed with no appreciable barrier 
even at 10 K. Figure 3.1 displays RAIR spectra at 15 K after simultaneous deposition of 
NO during low- and high-hydrogen atom flux (Figure 3.1(a) with H/NO = 0.2 and Figure 
3.1(b) with H/NO = 4, respectively). Spectral features appearing upon solid NO 
hydrogenation are assigned to bulk NH2OH (3317, 3261, 3194, 2899, 2716, 1608, 1514, 
1203, 919 cm−1), isolated NH2OH (1175, 1359, 1144 cm−1), HNO (1561, 1507 cm−1), and 
N2O (2235, 1286 cm−1; Nightingale & Wagner 1954, Jacox & Milligan 1973, Sivaraman et 
al. 2008). The simultaneous detection of NH2OH and HNO is consistent with the reaction 
 - 54 -
scheme given in Equation (3.1). 
At lower H-atom flux the NO is not completely consumed by hydrogen atoms, and the 
strongest bands (1865, 1776 cm−1) correspond to NO-dimer transitions (Fateley et al. 1959). 
However, also under these conditions HNO is formed, and isolated bands of NH2OH 
molecules are visible. This indicates that even at the lower H-atom flux the addition 
process proceeds fast. In the higher H-atom flux experiment NO-dimer bands are barely 
visible.  
In both the low- and high-hydrogen atom flux experiments nitrous oxide (N2O) is 
found, likely formed via 
 
NO + HNO → N2O+OH and          (3.2)  
(NO)2 + H → N2O+OH.          (3.3) 
 
Figure 3.2 shows TPD spectra of NH2OH (m/z = 33, peak at ~188 K) produced after six 
cycles of H-atom exposure of one monolayer coverage (1015 molecules cm−2) of NO on a 
silicate surface. This procedure ensures that the reaction NO + H occurs for each cycle on 
the surface of the ice, until all NO molecules have been consumed. The repetition of 
several cycles enhances the signal-to-noise ratio of the QMS ion count upon ice 
sublimation. In the figure, signals are recorded at m/z = 33 (NH2OH) as well as 30 (NO), 
17 (OH), and 16 (NH2), reflecting partial fragmentation upon NH2OH ionization in the 
QMS head (Kutina et al. 1982).  
All signals have a common peak at T ~ 188 K, confirming NH2OH fragmentation upon 
ionization. The 150 K temperature peaks for m/z = 30 and 17, included here for the sake of 
completeness, are due to co-desorption of NO molecules and OH fragments from thermal 
desorption at T ~ 150 K of the newly formed water ice through reaction of H + OH (Dulieu 
et al. 2010). 
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Figure 3.1. RAIR spectra of solid NO deposited on the gold substrate at 15 K upon H-atom exposure. 
Diagram (a) shows the resulting spectrum for a co-deposition experiment during 60 minutes and H-atom 
flux of 7·1012 atoms cm−2 s−1 (H/NO = 0.2). Diagram (b) shows the spectrum for a deposition time of 120 
minutes and an H-atom flux of 3·1013 atoms cm−2 s−1 (H/NO = 4). Spectra are offset for clarity. 
 
Figure 3.2. Quadrupole mass spectrometer signal as a function of temperature during a TPD experiment 
after six sequential depositions of ~1 ML of NO and H-atoms on a bare silicate surface at 10 K. The peak 
at T ~ 188 K indicates desorption of hydroxylamine (NH2OH, mass = 33 amu). NH2OH fragmentation is 
induced in the mass spectrometer head upon ionization, resulting in NO+, OH+, and NH2+ fragments. Low 
temperature peaks for mass = 30 and 17 amu are due to co-desorption of NO molecules and OH fragments 
with water at T ~ 150 K. The traces are offset for clarity. 




The present study proves NH2OH formation upon NO hydrogenation at low temperatures 
and without external energetic input. It therefore provides a likely pathway for an efficient 
formation in quiescent cold dense clouds where energetic processing is not likely to be 
efficient. Two previous experimental studies showed the formation of NH2OH by 
irradiating a mixture of NH3 and H2O ices with UV photons (Nishi et al. 1984) and 
electrons (Zheng & Kaiser 2010). The experimental conditions used there are not fully 
representative for quiescent cold dense clouds, regions where NH2OH is assumed to be 
already present in the ice as indicated by our results. The astronomical relevance of NO + 
H is discussed below. Interstellar temperatures and substrates can be rather well reproduced 
in the laboratory, but experiments are not fully representative of dark cloud conditions, 
especially in terms of timescale and ice inhomogeneity. To prove that the presented 
reaction scheme facilitates NH2OH formation in dense cores, a gas–grain model (Hasegawa 
et al. 1992, Hassel et al. 2008) is used that comprises a full gas and grain chemical network. 
Conditions are chosen as in the prototypical dense cloud “TMC 1” (Semenov et al. 2010). 
The resulting predictions are shown in Figure 3.3. The reaction between H and HNO in the 
current chemical networks (dashed lines in Figure 3.3) leads to H2 and NO and NH2OH is 
usually formed through NH2 + OH. Along this reaction pathway, no NH2OH is formed 
under dark cloud conditions and NO is mostly converted into HNO or N2O. This is in 
agreement with Garrod et al. (2008) who performed chemical models of star formation and 
found that NH2OH is only abundantly formed in the “hot core” phase when the grain is 
lukewarm and NH2 and OH become mobile. On the other hand, with a model including the 
NO hydrogenation reactions experimentally proven in this paper (the solid lines in Figure 
3.3), NH2OH is found to be abundantly present in both the solid and the gas phase. The 
hydroxylamine abundance peaks at 105 years, with relative values with respect to gas phase 
H2 of at least 7·10−9 on the grain surface and 3·10−11 in the gas phase at the end of the 
lifetime of a dense cold cloud (1–10 Myr), i.e., before the core collapse. This finding is 
particularly relevant for a better understanding of the molecular evolution of the universe. 
This work indeed shows that the hydroxylamine locked up on the grains at the beginning of 
the core collapse becomes available for further reactions at later stages, when a protostar 
forms and UV irradiation and thermal processing start. So far, positive identifications of 
NH2OH in molecular clouds have not yet been reported, but upper limits have been derived 
for a number of sources (Pulliam et al. 2012). These correspond to fractional abundances of 
<10−11. This is around the same order of magnitude as the gas-phase model predictions for 
dense clouds, concluded here. Gas-phase abundances in the model are upper limits since 
destruction routes that lead to the formation of more complex species are not included. 
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Snow et al. (2007) showed that gas phase NH2OH can react with CH5+ to form NH3OH+ 
that in turn reacts with different carboxylic acids to form protonated amino acids. These 
reactions are not included in the available chemical networks and therefore can not be 
traced. The left panel of Figure 3.3, however, shows that CH5+ and H3+ - both able to 
protonate hydroxylamine - are available in the gas phase The present work and a previous 
study (Zheng & Kaiser 2010) show that NH2OH desorbs at relatively high temperatures 
(>175 K under laboratory conditions) from the ice. Therefore, abundances may be high 
enough for gas-phase detection only in those parts of the cloud that experienced a dramatic 
heating phase. In fact, NH2OH provides a solid-state nitrogen reservoir along the whole 
evolutionary process of interstellar ices from dark clouds to planets. We expect that in the 
nearby future the faint radio hum from NH2OH molecules will be recorded by the receivers 
of ALMA that will investigate the inner parts of protoplanetary disks and hot cores with 
high temperatures (Herbst 2008). ALMA will also come with a hugely improved sensitivity 
that, added to a high angular resolution, will allow perhaps detection of NH2OH in cold 
starless cores and pre-stellar cores as well. The present laboratory study illustrating that 
possible precursor molecules of amino acids are efficiently formed on the surface of dust 
grains along with an astronomical detection of NH2OH in space will confirm that the 
building blocks of life are omnipresent in the universe. 
 
Figure 3.3. Fractional abundance of species involved in nitrogen chemistry for an astrochemical model in 
which the effect of an NO hydrogenation channel is shown. Solid lines are with NO + H and dashed lines 
do not take this surface reaction into account. The left panel indicates gas-phase species; the right panel 
shows the grain-surface abundance with respect to the gas-phase density of H nuclei (nH = n(H) + 
2n(H2)). 
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IV 
Surface NO Hydrogenation: The Multilayer 
Regime in Interstellar Relevant Ices 
 
 
Hydroxylamine (NH2OH) is one of the potential precursors of complex pre-biotic species in space. Here 
we present a detailed experimental study of hydroxylamine formation through nitric oxide (NO) surface 
hydrogenation for astronomically relevant conditions. The aim of this work is to investigate 
hydroxylamine formation efficiencies in polar (water-rich) and non-polar (carbon monoxide-rich) 
interstellar ice analogues. A complex reaction network involving both final (N2O, NH2OH) and 
intermediate (HNO, NH2O·, etc.) products is discussed. The main conclusion is that hydroxylamine 
formation takes place via a fast and barrierless mechanism and it is found to be even more abundantly 
formed in a water-rich environment at lower temperatures. In parallel, we experimentally verify the 
non-formation of hydroxylamine upon UV photolysis of NO ice at cryogenic temperatures as well as the 
non-detection of NC- and NCO-bond bearing species aft r UV processing of NO in carbon monoxide-rich 
ices. Our results are implemented into an astrochemical reaction model, which shows that NH2OH is 
abundant in the solid phase under dark molecular cloud conditions. Once NH2OH desorbs from the ice 
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4.1 Introduction 
The observed chemical complexity in space results from the cumulative outcome of gas, 
grain and gas-grain interactions. Recent studies indicate that a substantial part of the stable 
and complex species identified so far, form on icy dust grains (Herbst & van Dishoeck 2009, 
Wakelam et al. 2010). Interstellar grains, indeed, act as micrometer-sized cryo-pumps 
providing surfaces onto which gas-phase species can a crete, meet and react. During the last 
decade several independent laboratory studies showed the relevance of such astrochemical 
solid-state reactions. Meanwhile, the surface formation of the bulk of the identified 
interstellar ices (i.e., water, methanol, carbon dioxide, formaldehyde, and formic acid) has 
been confirmed through subsequent H-atom addition reactions to simple species, like CO- 
and/or O2-ices (Watanabe & Kouchi 2002, Fuchs et al. 2009, Miyachi et al. 2008, Ioppolo 
et al. 2008, Matar et al. 2008, Oba et al. 2010, Ioppolo et al. 2011, Noble et al. 2011).  
In space, non-energetic atom addition induced solid state chemistry occurs mostly at 
low temperatures (~10 K), i.e., in the innermost part of circumstellar clouds where newly 
formed molecules are, to a great extent, shielded from radiation by dust particles. These 
regions are part of collapsing envelopes feeding new stars - young stellar objects (YSOs) - 
and provide the original material from which comets and ultimately planets are made 
(Sandford et al. 2006). Since solid-state neutral-neutral reactions ften do not require 
activation energy (Herbst & van Dishoeck 2009, Wakel m et al. 2010), they play a key role 
in the chemistry of dark interstellar clouds. In the final stages of star formation energetic 
processing - like UV photolysis, cosmic ray irradiation and thermal processing - also 
contributes to surface reaction schemes by adding external energy into the ice. It has indeed 
been demonstrated that complex organic molecules and even amino acids are formed after 
energetic processing of interstellar ice analogues (Öberg et al. 2010, Muñoz Caro et al. 
2002). Therefore, laboratory-based studies of the solid- tate formation of organic material is 
of considerable interest, since efficient reaction r utes provide a recipe to form pre-biotic 
species in star- and planet-forming regions (Charnley et al. 2001). 
Hydroxylamine (NH2OH) is an important precursor species in the formation of amino 
acids (Blagojevic et al. 2003). Several formation schemes of hydroxylamine have been 
proposed in the past. Blagojevic et al. (2003) describe NH2OH formation through UV 
photolysis of NH3 + H2O and/or “NO + 3H” ices. Charnley et al. (2001) suggested that 
hydroxylamine is formed through non-energetic hydrogenation of NO ice under dark cloud 
conditions. Nitric oxide has been detected in the gas phase towards many dark and warm 
clouds with relative abundances of 1·10-8 - 1·10-7 with respect to H2 (Liszt & Turner 1978, 
Pwa & Pottasch 1986, McGonagle et al. 1990, Gerin et al. 1992). Detailed astrochemical 
models (Charnley et al. 2001, Gerin et al. 1992, Herbst & Klemperer 1973) indicate that the 
main formation route for NO in the gas-phase is a neutral-neutral reaction N + OH → NO + 
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H, while the main gas-phase destruction channel is NO + N → N2 + O. Under dense cloud 
conditions, gas-phase NO can accrete, like CO, on the surface of dust grains and is, therefore, 
expected to participate in the solid-state chemical network leading to the formation of N- and 
NO-bearing species. Moreover, solid NO may also be formed through surface reactions in 
the early stages of quiescent dark clouds. 
Although NO has the potential to be one of the main precursors of complex molecules 
in space, solid state reaction schemes involving NO-bearing ices have not yet been studied in 
detailed experiments. Recently, we presented for the first time hydroxylamine formation via 
a non-energetic solid-phase route - pure NO + H on crystalline H2O ice as well as on other 
different substrates (Congiu et al. 2012a) – and we showed the astrochemical impact of that 
scheme. In the present paper, the focus is on the inv stigation of the underlying 
physical-chemical processes that lead to surface hydrox lamine formation in the multilayer 
regime. Thus, experiments are extended to more realistic and interstellar relevant polar 
(NO:H2O + H/D) and non-polar (NO:CO + H/D) environments. In the following sections 
we investigate the effect of temperature, ice composition and H-atom flux on the NH2OH 
and HNO formation efficiencies. We also discuss experiments in which NO, NO:H2O and 
NO:CO ices are UV irradiated with Ly-α light. The astrophysical implications of this work 
are briefly discussed. In an accompanying and comple entary paper (Congiu et al. 2012b, 
published back-to-back with the present chapter) NO hydrogenation reactions are studied 
with the focus on the submonolayer regime using interstellar relevant substrates, i.e., 
amorphous silicate and crystalline H2O ice. 
4.2 Experimental details and data reduction 
4.2.1 Experimental procedure 
 
The experiments are performed using two similar ultra-high vacuum (UHV) setups: a SURFace 
REaction SImulation DEvice (SURFRESIDE), optimized to s udy H-atom addition reactions, 
and a CRYOgenic Photoproduct Analysis Device (CRYOPAD), designed for UV photolysis 




Thermal H/D-atom addition reactions are investigated using SURFRESIDE which consists 
of a stainless steel UHV main chamber and an atomic line. Details are available in Fuchs et 
al. (2009), Ioppolo et al. (2008), Ioppolo et al. (2011). A rotatable gold-coated copper 
substrate is placed in the centre of an UHV chamber. The room temperature base pressure 
in the main chamber is <3.5·10-10 mbar. The substrate temperature is controlled from 12 to 
300 K using a He closed-cycle cryostat. Ice deposition proceeds under an angle of 45º, with 
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controllable rates from 0.5 to 2.5 Langmuir per minute (L/min, where 1 L = 
1.3·10−6 mbar s-1). A quadrupole mass spectrometer (QMS) placed behind the substrate is 
used to monitor the main-chamber gas composition. The atomic line faces the sample and 
comprises a well-characterized hydrogen thermal cracking source (Tschersich 2002) used 
to produce non-energetic H/D atoms from H2/D2 molecules. Hydrogen/deuterium 
molecules are cracked by passing through a capillary pipe surrounded by a heated tungsten 
filament. Dissociation of molecules occurs through collisions with the hot (1850 ºC) walls 
of the capillary pipe with a degree of dissociation >35% (Tschersich 2002). A nose-shaped 
quartz pipe is placed along the path of the beam and is used to thermalize both H/D atoms 
and non-dissociated H2/D2 molecules to room temperature before they reach the surface of 
the ice sample. H/D-atom fluxes are measured quantitatively by placing the QMS at the 
substrate position and are controlled between 7·1012 and 3·1013 atoms cm-2 s-1. This 
procedure has been described in detail in Ioppolo et al. (2010). 
A high vacuum glass manifold with a base pressure <5·10-5 mbar is used for gas 
mixture preparation. To avoid water contamination the glass line is connected to a liquid 
nitrogen trap and is flushed well by mixture components. A new mixture is prepared for 
each experiment. After preparation, the mixture is introduced to a pre-pumped stainless 
steel dosing line (<1·10-5 mbar). The metal line is typically filled with a gas pressure of 30 
mbar and is kept isolated for the duration of the experiment. The deposition rate is 
controlled by a precise all-metal leak valve. The gases used in this work are: NO (Linde 
99.5 %), CO (Linde 99.997%), N2O (Praxair 99.5%), NO2 (Linde 99%) and a Milli-Q 
water sample degassed under high vacuum conditions. 
The ice composition is monitored in situ by means of Reflection Absorption InfraRed 
Spectroscopy (RAIRS) in the range: 700 – 4000 cm-1 (14 – 2.5 µm) with a spectral 
resolution of 0.5 cm-1 using a Fourier transform infrared spectrometer. Two different 
experimental procedures are applied here. In “pre-deposition” experiments, ices are first 
deposited on a gold surface and are subsequently expos d to a thermal H/D-atom beam. In 
this case RAIR difference spectra are acquired during hydrogenation/deuteration of the 
sample with respect to a background spectrum of the initial deposited ice at low 
temperature. In the case of “co-deposition” experimnts, nitrogen oxide bearing ices are 
continuously deposited simultaneously with H/D atoms. The formation of intermediate 
species and final products is monitored in the ice by changing ice deposition rates and 
H/D-atom fluxes, as discussed in Cuppen et al. (2010). In this case RAIR difference 
spectra are acquired during co-deposition with respect to a background spectrum of the 
bare gold substrate at a low temperature.  
At the end of every H/D-atom exposure a temperature programmed desorption (TPD) 
experiment is performed. Because the QMS is placed behind the substrate, RAIR spectra 
and QMS data cannot be taken simultaneously during the heating phase, and crucial 
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experiments are performed twice in order to interprt TPD results using both RAIRS and 
QMS techniques. In the first experiment, the sample is rotated 180º to face the QMS and it 
is heated linearly at a rate of 1 K/min. Desorbed species are subsequently detected as a 
function of sample temperature using the QMS. In the second experiment, the sample is not 
rotated and RAIR spectra of the ice are acquired every 5 K while heating at a rate of 1 
K/min. In this way infrared spectroscopic and mass spectrometric information can be 
combined. It should be noted that a TPD experiment implicitly leads to the morphological 
modification and eventual destruction of the ice. Therefore TPD data are mainly used in 




UV photolysis experiments are performed using CRYOPAD which is described in detail in 
Öberg et al. (2009) and references therein. Similarly to SURFRESIDE, the rotatable 
gold-coated substrate in CRYOPAD is connected to a He close-cycle cryostat and placed in 
the centre of a stainless steel UHV chamber. The room temperature base pressure of the 
system is <2.5·10-9 mbar and the temperature of the substrate is controlled between 15 and 
200 K. Ice deposition proceeds at an angle of 90º and a rate of 1.5 L/min. After deposition, 
the ice film is irradiated by UV light from a broadband hydrogen microwave discharge, 
which peaks at 121 nm (Ly-α) and covers the range from 115 – 170 nm (7 – 10.5 eV) with 
an incidence angle of 45º. Photolysis products upon UV irradiation are monitored by means 
of the same FTIR spectrometer that is used for SURFRESIDE, covering 700 – 4000 cm-1 
with 0.5 cm-1 resolution. A QMS is incorporated into the setup in order to monitor 
molecules in the gas phase and specifically photodesorption products. At the end of a UV 
irradiation experiment, a TPD experiment is routinely performed. The setup is constructed 
such that the QMS already faces the sample, and consequently it is possible to monitor ice 
constituents both spectroscopically and mass spectrome ically during a TPD. The heating 
rate used for these experiments is the same used for SURFRESIDE (1 K/min). The UV flux 
is measured indirectly by calibration via the previously studied photodesorption rate of a 
pure CO ice: carbon monoxide ice is exposed to Ly-α light and the number of 
photodesorbed CO molecules is then determined using the RAIR difference spectra. The 
UV flux is then derived, assuming that the CO photodesorption rates obtained here and 
previously in Öberg et al. (2007) are identical. Typical UV fluxes amount to 1.5·1014 
photons cm-2 s-1. 
Gas mixtures used during experiments with CRYOPAD are prepared separately in the 
same glass manifold as described above. The mixtures a  then introduced into a 
pre-pumped stainless steel dosing line (<1·10-4 mbar) that is always filled twice in order to 
avoid the decomposition of gas mixture components on the metal walls during the 
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preparation hours: a first time (at the beginning of the experiment) to select at room 
temperature the desired deposition rate by adjusting a precise all-metal leak valve and 
monitoring the increase in pressure in the main chamber; and a second time (right before 
deposition) using the same pressure used the first time to fill the dosing line. When not in 
use, the deposition line is kept under high vacuum. This allows for a highly reproducible 
deposition rate. 
 The experiments at SURFRESIDE and CRYOPAD focus on selected surface 
reactions involving the hydrogenation and UV irradiation of pure NO ices and mixtures of 
NO with CO, H2O and N2 over a wide range of laboratory conditions including different 
atomic fluxes, ice temperatures, co-deposition rates and mixture ratios. A number of 
control experiments are performed to prove that newly detected species are formed upon 
H/D-atom exposure or UV photolysis on top of or in the ice sample, and that they are not 
the result of contamination or background gas-phase reactions. All experiments are 
summarized in Table 4.1. Moreover, in order to unambiguously identify absorption bands 
of possible reaction products we have performed separate experiments to acquire spectra of 
pure N2O as well as NO:N2O3 and NO2:N2O4 ice mixtures (see Table 4.2) to make direct 
comparisons possible. 
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aCo-deposition is an experiment in which NO containing ices are deposited during H/D flux exposure. 
bPre-deposition is an experiment in which NO containing ices are first deposited and subsequently exposed to H/D atom or UV 
fluxes. 
cThis is a set of experiments in which the spectra of different nitrogen oxides were obtained and then monitored for stability 
upon H-atom flux exposure. 
dNO2 gas contained considerable NO admixture; formation of N2O3 (ON-NO2) along with N2O4 (O2N-NO2) is observed upon 
deposition. 
eMixture of N2O3 (ON-NO2) and cis-(NO)2 is formed upon deposition. 
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4.2.2 Data analysis 
 
Straight baseline segments are subtracted from all acquired spectra. Subsequently, the areas 
of bands corresponding to species present in the ice are integrated. As previously discussed 
in Fuchs et al. (2009) and Ioppolo et al. (2008) transmission band strengths cannot be used 
directly to derive column densities of species in reflection experiments. Moreover, 
isothermal desorption experiments, which provide us with absorbance per monolayer, 
cannot be performed for the unstable intermediates that are detected during co-deposition 
experiments. Therefore, we refrain from deriving column densities and instead follow the 
formation trends of the detected species only by integrating the corresponding band areas 
as a function of time (see Results and Discussion). As a consequence, a full quantitative 
characterization is not directly possible. However, we can compare formation trends of the 
same species from different experiments and thereby derive information on temperature 
dependence, ice composition effects and the reaction network. All the assigned absorption 
features that correspond to nitrogen-bearing species and present in our experiments are 
summarized in Table 4.2. The asterisk in Table 4.2 marks the spectral features used for 
integration and relative quantification. 
All absorbance features chosen for data analysis have a good signal-to-noise ratio and 
do not overlap with other absorbance features. The range of integration is set manually for 
each species and kept the same for all the spectra a quired during a single experiment. The 
error bars that are indicated in the figures listed in the Results and Discussion section are 
estimated as follows: several blank spectra, i.e. without deposited ice but with a cold 
substrate, are acquired before each experiment. The corr sponding baseline segments are 
subtracted from the blank data. The noise area in the blank spectra is integrated over the 
same frequency range that is used for band integration of the selected species. The 
uncertainties are then derived by averaging the values of the measured blank area for each 
selected range. Although these error bars do not include deviations in the baseline 
subtraction procedure, they provide lower limits for the detectable signal. 
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Table 4.2. List of assigned nitrogen-bearing species. 
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aSpectral features used for integration and relative quantification. 
I – Fateley et al. (1959); II – Noir et al. (1984); III – Withnall & Andrews (1988); IV – Yeo & Ford (1990); V – Nightingale & 
Wagner (1954); VI – Jamieson et al. (2005), VII – Jacox & Milligan (1973), VIII – Sluyts & Van der Veken (1994). 
 
4.3 Results and discussion 
 
4.3.1 Hydrogenation of pure NO ice 
 
Figure 4.1(a) shows RAIR difference spectra recorded with SURFRESIDE of a 
pre-deposited NO ice after exposure to a thermal H-tom beam at 15 K. The negative peaks 
around 1776 and 1865 cm-1 correspond to cis-(NO)2 (Fateley et al. 1959, Noir et al. 1984) 
used up during hydrogenation of the ice. Due to thesmall exothermicity of NO 
dimerization (14 kJ per mol, see Sluyts & Van der Vken 1994) and a fast radical-radical 
recombination reaction rate, nitric oxide forms solid cis-(NO)2 immediately after 
deposition. Therefore, NO monomers are detected in the ice by means of RAIRS only 
when NO is trapped in an ice matrix of other species (see below). Thus, 
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hydrogenation/deuteration of a pure NO ice involves a  a first step the 
hydrogenation/deuteration of (NO)2 dimers. The positive peaks in Fig. 4.1(a) indicate th  
presence of newly formed species in the ice. However, th ir identification is not clear a
priori because of their low signal to noise ratio. A possible reason for this low coverage of 
processed ice can be found in the structure of the ice. Crystalline (NO)2 has a compact 
monoclinic unit cell with a space group P21/a (Dulmage et al. 1953), which is more 
comparable to a CO than an O2 ice structure (Barrett & Meyer 1967, Cromer et al. 1983).
 
Although our deposited ice is not necessarily crystalline, the local structure of (NO)2 
agglomerates is probably close to crystalline. As shown in Fuchs et al. (2009) and Ioppolo 
et al. (2011) a compact ice structure prevents H/D atoms from penetrating deep into the 
bulk of the ice. As a consequence, in a pre-deposition experiment only the first few 
monolayers are actively involved in surface reactions, the final yield of H/D atom addition 
products is low and no intermediate products are det ct d. 
Figures 4.1(b) and (c) show NO/H-atom co-deposition experiments at 15 K. The main 
advantage of co-deposition experiments is the ability to change the NO/H(D) ratio in order 
to: 1) trap non-fully hydrogenated products inside th  growing ice by using a high NO flow 
with a low H(D)-atom flux (Fig. 4.1(c) and (e)); or2) deposit a fully hydrogenated thick ice 
by using a low NO flow with a high H(D)-atom flux (Fig. 4.1(b) and (d)). Growing a thick 
hydrogenated ice during co-deposition experiments icreases the column densities of the 
reaction products and allows their unambiguous ident fication in situ and at low 
temperatures by means of RAIRS. Although QMS is more sensitive than RAIRS, it allows 
for the detection of species only above their desorption temperatures. For the species 
studied here, this is higher than 15 K, i.e., >75 K for N2O and >140 K for NH2OH. 
Several positive absorption features, .g., at 1608 cm-1 (NH2 scissoring), 1514 cm
-1 
(HON bending), 1203 cm-1 (NH2 wagging), and 919 cm
-1 (ON stretching) (see Yeo & Ford 
1990), present in Fig. 4.1(b) clearly show that the main hydrogenation product of a pure 
NO ice at low temperature is solid hydroxylamine. The NH2OH formed during the 
co-deposition experiment shown in Fig 4.1(b) is bulk hydroxylamine, bound with four 
different types of hydrogen bonds, such as OH…H, OH…N, NH…O, NH…N, and with 
different strengths. The hydroxylamine OH and NH stretching modes are in the range from 
2600 to 3400 cm-1 and overlap with each other. There are two groups f broad bands in this 
region, at 3317, 3261 and 3194 cm-1 and at 2899 and 2716 cm-1. The first group can be 
assigned to the symmetric and asymmetric N-H stretches, and the O-H…O stretch, while 
the second group is due to a hydrogen bonded OH…N stretch (Yeo & Ford 1990, Bertie & 
Shehata 1985). The formation of hydroxylamine in our pre-deposition experiments is 
confirmed by comparing all the hydroxylamine peaks present in Fig. 4.1(b) with those 
shown in Fig. 4.1(a). 
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Figure 4.1(c) presents several features due to the (NO)2 dimer, N2O, and isolated 
NH2OH, and reveals several new features: two narrow bands t 1561 and 1507 cm
-1 that 
can be assigned to HNO, and another two at 1829 cm-1 and 1680 cm-1 with an unclear 
origin. The feature at 1829 cm-1 overlaps with the NO stretching mode which may indicate 
that this species contains weakly bound NO molecules. In the following sections we will 
refer to this unknown component as X-NO. A broad peak at 1680 cm-1 is present in almost 
every spectrum and demonstrates similar behaviour under various experimental conditions, 
thus interpretation of this feature is uncertain. To verify our assignments we repeated the 
same co-deposition experiments discussed above using D atoms instead of H atoms (Figs. 
4.1(d) and (e)).  
TPD experiments further constrain the formation of NH2OH and N2O. Under our 
experimental conditions the desorption of NH2O  starts at 140 K and peaks at 175 K (TPD 
rate 1 K/min). The NH2OH desorption peak is reported at 188 K in Congiu et al. (2012b). 
There a desorption energy of 54.2 kJ mol-1 is calculated for pure NH2OH from a surface of 
amorphous silicate. The difference in desorption temp rature between the present work and 
Congiu et al. (2012b) is not surprising, as we study ices in the multilayer regime. Here 
desorption of NH2OH takes place from the surface of the ice itself. Therefore, under this 
regime molecules from a layer of NH2OH are weakly bound to other molecules (like 
NH2OH, or NH2OH mixed with CO and/or H2O, see sections 4.3.2 and 4.3.3). This leads to 
a low temperature desorption peak. In Congiu et al. (2012b) at most one monolayer of 
NH2OH is deposited onto an amorphous silicate surface. In that case NH2OH molecules are 
bound to the silicate surface and not to another layer of ice. The resulting binding energy is 
higher, leading to a higher temperature desorption peak. 
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Figure 4.1. RAIR difference spectra of H/D atom addition to a pure NO ice for a sample temperature of 
15 K. The upper panel (a) shows a spectrum of a pre-deposited NO (50 L) after exposure to an H-atom 
beam. The middle panel shows co-deposition of NO and H atoms with NO:H = 1:10 (b) and 2:1 (c). In the 
lower panel two spectra recorded upon co-deposition of NO and D atoms with NO:D = 1:10 (d) and 2:1 (e) 
are presented.  
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4.3.2 Hydrogenation of NO in non-polar CO surroundings 
 
We performed a series of experiments aimed at studying the effect of NO dilution in CO 
and N2 (non-polar) matrices on the hydrogenation pathways. These experiments simulate 
the formation of hydroxylamine under dense and cold interstellar cloud conditions, when 
gas-phase CO freezes out. Figure 4.2 shows several examples of RAIR spectra of NO:CO 
co-deposition experiments with different ice mixtures (1:1, 1:6) and H/D-atom ratios.  
All bands observed in a pure NO co-deposition experiment (Figs. 4.1(b) and (c)) are 
present here, and in addition, new features appear. In Figure 4.2(a) the NO monomer 
feature peaks at 1875 cm-1 (Fateley et al. 1959, Noir et al. 1984), while the trans-(NO)2 
absorbance band is centred around 1745 cm-1 (Fateley et al. 1959). The presence of the NO 
monomer in the ice mixture indicates that the NO mobility is limited in a CO lattice at 15 K. 
The remaining absorption features belong to the products of H/D-atom addition to CO, 
such as H2CO (1720, 1499 cm
-1) and CH3OH (1060 cm
-1). These reactions have been 
examined extensively in previous studies (Watanabe & Kouchi 2002, Fuchs et al. 2009). In 
the case of D-atom exposure traces of D2CO are detected at 1674 and 2092 cm
-1 but 
deuterated methanol is not found. It should be noted that formaldehyde is detected only in 
the experiments where all NO is converted into its final hydrogenation products (Figs. 
4.2(b) and (d)). In the experiments where nitric oxide is still present in the ice, no products 
of H/D-atom addition to CO ice are found. This observation will be addressed in the 
following sections. Furthermore, no absorption features that can be assigned to N-C bond 
bearing species, like ·NCO radicals, HNCO or NH2C O, are found by RAIRS or by QMS. 
Unstable intermediates like HCO and HNOH are not detect d either. Note that due to the 
abundance of the 13CO isotope in the CO gas cylinder (1.1 %), a clear 13CO absorbance 
feature at 2092 cm-1 is also observed. 
Unlike CO ice, N2 ice is inert to H-atom addition. The hydrogenation of nitric oxide in 
a nitrogen matrix with a ratio of NO:N2 = 1:5 shows qualitatively that the final products 
from NO + H addition are the same as in a pure NO hydrogenation co-deposition 
experiment (Fig. 4.1(c)) with the difference that this time a small feature around 1875 cm-1 
can be assigned to the NO monomer (as in Fig. 4.2).Here N2O seems to be formed more 
efficiently compared to the NO hydrogenation experim nt in a CO matrix. 
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Figure 4.2. RAIR difference spectra of H/D atom additions to NO in non-polar CO ice for a sample 
temperature of 15 K. The upper panel shows co-deposition spectra of NO, CO and H atoms with 
NO:CO:H = 1:6:15 (a) and 1:1:20 (b). The lower panel shows two spectra for the co-deposition of NO, CO 
and D atoms with a ratio of 1:6:15 (c) and 1:1:20 (d).  
 
4.3.3 Polar H2O surroundings 
 
Water is the most abundant species detected in interstellar ices towards dark clouds, 
low-mass and high-mass YSOs. It is generally accepted that water ice is formed mainly 
during the early stages of a translucent and quiescent cloud (Herbst & van Dishoeck 2009, 
Charnley et al. 2001). Gas-grain chemical models predict that the NO abundance peaks 
later during CO freeze out (Charnley t al. 2001). Solid hydroxylamine can be formed 
during the same early stages in star forming regions from accreted NO or from NO formed 
on the surface of grains. Therefore, we studied the hydrogenation of NO in a water (polar) 
matrix (NO:H2O = 1:6). H2O molecules are inert to H-atom addition, but provide hydrogen 
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bonds that may interact with NO molecules as well as possible reaction products upon NO 
hydrogenation, i.e., HNO and NH2OH. Here, an NO:H2O (1:6) ratio is used for comparison 
with the aforementioned non-polar mixtures. 
Water ice deposited at 15 K forms an amorphous bulkwith several very broad bands: 
the OH stretching modes between 3000 and 3700 cm-1, the HOH bending mode in the 1400 
– 1700 cm-1 range and the libration mode between 700 and 1000 cm-1. All these bands are 
present in our spectra (see Fig. 4.3). As opposed to NO:CO ices, no nitric oxide monomer 
and trans-(NO)2 are detected in the ice, which can be explained by a different mobility of 
NO in water ice compared to NO in a CO matrix. Although most of the NH2OH absorption 
features overlap with the water OH stretching and HOH bending modes, all of them can be 
found in Fig. 4.3(b), where the H-atom flux is high enough to efficiently convert all NO to 
hydroxylamine. Figure 4.3(a) shows a RAIR spectrum after co-deposition of NO:H2O with 
a low H-atom flux. Here unlike for Fig. 4.3(b), HNO, X-NO and N2O features can be 
observed in the ice.  
 
Figure 4.3. RAIR difference spectra of H-atom additions to NO in a polar H2O ice for a sample 
temperature of 15 K. Co-deposition results of NO and H2O with H atoms for NO:H2O:H = 1:6:3.5 (a) and 
1:6:15 (b) are shown. 
 
4.3.4 UV photolysis of NO containing ices  
 
Several pre-deposition experiments were performed with CRYOPAD to study the UV 
photon-induced chemistry in pure NO ice and in ice mixtures containing nitric oxide in 
water or carbon monoxide. In addition, tertiary ice mixtures NO:CO:H2O with ratios 1:1:1 
and 1:6:6 were exposed to UV photons. 
As discussed in the previous sections, pure NO converts efficiently into cis-(NO)2 ice 
upon deposition (Fig. 4.4(b)). Several positive bands appear after UV processing of 
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cis-(NO)2 ice: the features at 2235 and 1286 cm
-1 already observed in the NO 
hydrogenation experiments are assigned to N2O. New bands with maxima at 1602, 1299, 
779 cm-1 and, although not well resolved, 1850 cm-1 appear only in the UV photolysis 
experiments. These can be assigned to N2O3 (see Fig. 4.4(a)) (Fateley et al. 1959, Sluyts & 
Van der Veken 1994, Noir et al. 1983). The dilution of NO molecules in a CO matrix does 
not seem to influence this outcome substantially. As for Figure 4.4(a), all the absorption 
features assigned to cis-(NO)2, N2O and N2O3 are present in the RAIR spectra after 
exposure of NO:CO = 1:6 ice to UV photons (see Fig. 4.4(c)). In addition, the NO 
monomer is clearly detected because of the low mobility of NO in a CO lattice before and 
after UV photolysis of the ice sample. Moreover, the NO monomer abundance increases 
upon UV irradiation. 
Two more carbon bearing species, apart from 12CO and 13CO are detected in an 
NO:CO ice upon UV photolysis: carbon dioxide and its 13C isotope analogue. Since the 
solid carbon dioxide IR absorption feature overlaps with atmospheric gas-phase CO2 
present outside the UHV chamber and along the line of the FTIR beam, the formation of 
carbon dioxide in the ice upon UV photolysis is constrained by QMS data. 
Figures 4.4(e-f) show the resulting spectra upon UV photolysis of an NO:H2O (1:6) 
ice mixture. Also in this case, two species are present in the ice upon deposition: cis-(NO)2 
and H2O. UV processing of the sample induces formation of several products: N2O and 
monomeric NO, hydrogen peroxide (H2O2) and traces of HNO (right shoulder at 1565 
cm-1). Absorption features at 1607 and 1303 cm-1 ay be due to N2O3 or NO2. The absence 
of an absorption feature at 1850 cm-1 akes the NO2 assignment more likely, but due to the 
low final yield this is not conclusive. 
The UV processing of the tertiary NO:CO:H2O ice mixtures reveals the formation of 
the same species formed in the aforementioned NO:CO and NO:H2O ice photolysis 
experiments. Here the same features are assigned to H2CO with peaks at 1715 and 1500 
cm-1 and tentatively assigned to the NO stretching mode of HNO2 peaking at 1640 cm
-1. It 
should be noted that the final yield of solid CO2 is higher than in the case of UV irradiated 
NO:CO experiments. The addition of water ice to the NO:CO ice mixture increases the 
carbon dioxide formation. This can be explained by the presence of free OH radicals in the 
ice after UV irradiation that can react with CO to form CO2 (more in the ‘UV processing’ 
section). 
As can be concluded from Fig. 4.4, NCO radicals, NC- and NCO- anions as well as 
their hydrogenated analogues HNC and HNCO (Moore & Hudson et al. 2003, Pettersson et
al. 1999, Bondybey et al. 1982, Hudson et al. 2005) are not present in any of our RAIR 
spectra. Another main result here is that NH2O  is not formed upon UV photolysis of 
water rich ices. The straightforward conclusion is that surface H-atom addition reactions 
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are needed to provide a pathway for the formation of NH2OH in simple interstellar ice 
analogues. We will address these points in the following sections. 
 
Figure 4.4. RAIR difference spectra obtained after UV photolysis of pre-deposited NO containing ices for 
a sample temperature of 15 K. The upper panel shows spectra of pure NO ice after deposition (b) and after 
exposure to 1·1018 photons cm-2 (a). The middle panel shows similar spectra of NO in non-polar CO ice 
for NO:CO = 1:6 before (d) and after exposure to 1·1018 photons cm-2 (c). The lower panel shows spectra 
of NO in polar H2O ice after exposure to a fluence of 1·10
18 photons cm-2 (e) and after deposition (f) for 
comparison. 
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4.3.5 Temperature dependence 
 
Temperature effects on reaction mechanisms can be rather complex and reflect the 
cumulative outcome of different temperature dependent processes. First of all, a higher ice 
temperature means more thermal energy that can help to overcome activation barriers. This 
has a direct effect on the final yields of the formed species and, therefore, on the formation 
trends. Secondly, a higher temperature can have an effect on the structure of the ice leading 
to molecular reorganization. For instance, it has been shown that different deposition 
temperatures result in different ice structures, e.g., amorphous water ice versus crystalline 
water ice (Yabushita et al. 2008, Bossa et al. 2012). This affects the penetration depth of H 
atoms in the ice and more generally diffusion processes. Then, the hopping and swapping 
rates of molecules in the ice increase with temperature, while the residence lifetime of a 
species on the ice surface decreases. 
The temperature dependence of selected surface formati n reaction pathways is 
studied here by repeating the same experiments for tw  different and astronomically 
relevant temperatures, i.e., 15 and 25 K. Since the thermal desorption temperatures of CO 
and N2 are around this value, higher temperatures have not been studied. The top panel of 
Fig. 4.5 shows the formation trends of HNO and NH2O  at 15 and 25 K as a function of 
the H-atom fluence for a co-deposition experiment of pure NO and H atoms. Here the 
integrated absorption of the formed species presents a linear trend because of the constant 
co-deposition of the parent species. The bottom left-side panel of Fig. 5.5 shows NH2OH, 
HNO and N2O final yields from the aforementioned pure NO + H experiments, while the 
bottom right-side panel shows NH2OH, HNO and N2O final yields for two NO:CO/H 
co-deposition experiments at 15 and 25 K. All these xperiments present lower final 
product yields at higher temperatures. Moreover, as shown in both bottom panels, the ratios 
between HNO and NH2OH final yields at 15 and 25 K are roughly constant d are 1.5 and 
3.5 for the pure NO + H and the NO:CO + H experiments, respectively. This indicates that 
the formation of HNO and NH2OH are linked and are most likely temperature independent, 
i.e., reactions take place without an activation barrier. The lower final yields at higher 
temperature can be explained by the lifetime of H atoms on the ice surface that, for 
instance, is 103 times shorter at 25 K than at 15 K on water ice (Cuppen & Herbst 2007). In 
this way H atoms have less time to react with NO molecules leading to a decrease in the 
hydrogenation final yields. All final yields in the bottom right panel are lower than their 
counterparts in the bottom left panel. This can be explained by a lower abundance of NO 
molecules in the ice and the presence of solid CO. For the pure NO + H experiments, the 
final yield of solid N2O is the same at different temperatures within the experimental 
uncertainties, while it decreases for higher temperatures in the NO:CO + H experiments. 
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This indicates that the formation of N2O requires a temperature dependent reaction scheme 
and a more complex ice composition. 
 
 
Figure 4.5. The top panel shows the temperature dependence of HNO and NH2OH abundances versus the 
H-atom fluence for NO:H (2:1) co-deposition experiments at 15 and 25 K. The lower panels show the final 
yields of N2O, HNO and NH2OH for an NO:H (2:1) co-deposition experiment (bottom left) and an 
NO:CO:H (1:6:15) co-deposition experiment (bottom right). The left panel final yields are extrapolated 
from experimental data at the same H-atom fluence used for the final yields shown in the right panel. 
 
4.3.6 Matrix effects 
 
The dilution of NO in polar (water-rich ice) and non-polar (water-poor ice) matrices has a 
number of important effects on the hydrogenation pathw ys: 1) NO hydrogenation 
products can react with components of the mixture oth r than hydrogen atoms leading to a 
more complex reaction scheme; 2) the other molecules pr sent in the deposited matrix (like 
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CO) can participate in H-atom addition reactions, effectively influencing reaction rates 
through additional H-atom consumption. Their reaction products may interact with NO and 
NO hydrogenation reaction products; 3) other species in the ice can trap NO molecules in 
the bulk of the ice hiding them from the impinging H atoms; 4) H-bonding can improve 
coupling and heat dissipation through the ice, promoting the stabilization of intermediate 
products and changing reaction branching ratios. 
In order to investigate non-polar ices we have compared the results from the 
hydrogenation of pure NO ice with those from the hydrogenation of NO:CO ice mixtures 
with ratios of 1:1 and 1:6. The choice of these ratios is not random: if NO hydrogenation 
products interact with those from CO hydrogenation, then the 1:1 ratio should provide the 
highest yield of the final products; on the other hand, for an NO:CO = 1:6 ratio a single NO 
molecule is surrounded on average by an octahedron of six CO molecules (the NO dimer is 
surrounded by 12 CO molecules). Therefore, this is a good approach to see whether NO 
and CO interact with each other upon hydrogenation of the ice. Moreover, since CO is 
highly abundant in quiescent dark clouds compared to NO (Liszt & Turner 1978, Pwa & 
Pottasch 1986, McGonagle et al. 1990, Gerin et al. 1992), A 1:6 ratio is astrochemically 
more relevant. We furthermore investigated the two NO:CO 1:1 and 1:6 mixtures for two 
different H-atom fluxes of 7·1012 and 3·1013 atom·cm-2·s-1. During these co-deposition 
experiments the ratio between H atoms and the sum of NO and CO molecules is kept 
constant. Figure 4.6 plots the integrated intensities of NO hydrogenation products as a 
function of the H-atom fluence for pure NO and NO:C mixtures with ratios 1:1 and 1:6 
co-deposited with H atoms. 
The upper panels of Fig. 4.6 show the integrated intensities of NH2OH, HNO and N2O 
versus the H-atom fluence for three co-deposition experimnts (NO/H = 1/10, NO:CO/H = 
1:1/20, 1:6/70) where the H-atom flux is high in order to efficiently convert nitric and 
carbon oxides into their hydrogenation products. The abundance of NH2OH in the ice is 
proportional to the abundance of NO in the mixture, while the HNO abundance is inversely 
proportional to that of NO. The N2O ice abundance is strongly affected by the presence of 
CO in the ice, however it does not seem to depend on the mixture ratios used here. In 
addition, and as mentioned before, NO absorption featur s (from both the dimer and 
monomer) are not present in the RAIR spectra of pure NO + H and NO:CO = 1:1 + H (see 
Fig. 4.1(b) and Fig. 4.2(b)) but only in the NO:CO = 1:6 hydrogenation experiment (Fig. 
4.2(a)). The presence of NO in the ice after hydrogenation can be explained by the trapping 
effect of NO inside a CO lattice and the consequent blocking effect of H atoms in a CO ice 
(Fuchs et al. 2009, Ioppolo et al. 2011). Consequently, the gradual decrease of the 
hydroxylamine yield with increasing CO content in the ice can be explained by a decrease 
in the absolute amount of NO available for hydrogenation reactions. This conclusion is 
further constrained by the nitroxyl final yield, whic  is inversely proportional to the 
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hydroxylamine yield: HNO is only observed in the ice when some NO remains 
unconverted into NH2OH. This confirms that the formation paths of nitroxyl and 
hydroxylamine are linked. 
The lower panels of Fig. 4.6 show the RAIR integrated absorbances of NH2OH, HNO 
and N2O versus the H-atom fluence for three co-deposition experimnts (NO/H = 1/0.5, 
NO:CO/H = 1:1/1, 1:6/3.5) but now the H-atom flux is low in order to detect the 
not-fully-hydrogenated species in the ice. All plots show very similar abundances of N2O 
and HNO and slightly higher yields for NH2OH in a pure NO hydrogenation experiment 
compared to the hydrogenation of NO:CO mixtures. The products of H-atom addition to 
CO molecules (H2CO, CH3OH) are not detected in any of these experiments. This leads to 
an important conclusion: the hydrogenation of NO ice is more efficient than the 
hydrogenation of CO ice and is most likely barrierless as concluded here and in (Congiu et 
al. 2012a). It was shown before that the intermediate CO + H and H2CO + H reaction steps 
have an activation barrier, while HCO + H and H3CO + H take place without an activation 
barrier (Watanabe & Kouchi 2002, Fuchs et al. 2009). Thus, if the subsequent 
hydrogenation of nitric oxide (NO + H, HNO + H, H2NO + H) proceeds with no activation 
barrier, then the NH2OH final yield depends only on the amount of NO molecules and H 
atoms available for reaction. This is fully consistent with the observation that all infrared 
NH2OH, HNO and N2O integrated band intensities shown in the lower panels of Fig. 4.6 
present a similar final yield. Minor differences among the formation trends may be due to 
the presence of CO molecules. 
The dipole moments of CO, NO and the cis-(NO)2 are all small and comparable 
(Smyth & McAlpine 1933, Rawlins et al. 1998, Western et al. 1980), and the ice structures 
are also quite similar (Dulmage et al. 1953, Cromer et al. 1983). This explains why dilution 
of NO in a CO matrix does not substantially influenc  the reaction network and, 
consequently, the formation trends of the final products. In contrast, water molecules have 
a strong dipole moment and form strong hydrogen bonds i  the ice with other species, such 
as NH2OH, NH2O· and ·NHOH radicals, and H2O itself. We performed several 
experiments co-depositing NO:H2O binary mixtures and H atoms using similar 
experimental conditions to those adopted for the non-p lar ice investigation. The results are 
summarized in Fig. 4.7. In this case we compared results for an NO:H2O = 1:6 ratio 
co-deposition experiment with low and high H-atom fluxes. For a high H-atom flux the 
water matrix significantly increases the hydroxylamine final yield, while it decreases both 
nitroxyl and nitrous oxide final yields. For low H-atom flux only hydroxylamine exhibits a 
higher yield in a water lattice compared to a similar experiment with NO:CO = 1:6. 
The NHOH and NH2O intermediates, as well as final product NH2O , form strong 
hydrogen bonds with a water lattice. HNO also forms thi  kind of bond, but less efficiently. 
Such hydrogen bonds help HNO and NH2O  molecules to dissipate excess energy quickly 
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upon formation and make the hydrogenation of NO andHNO kinetically favourable 
compared to the case of NO + H in a CO lattice in which these kinds of bonds are not 
formed. It should be noted that a water matrix significantly decreases the N2O final yield 
for high H-atom flux, but increases it for low flux. Moreover, hydrogenation of NO in an 
N2 matrix (NO:N2 = 1:5) for high H-atom flux gives an N2O yield that is three times higher 
than that obtained in an NO:CO hydrogenation experim nt. The interpretation of this result 
is not straightforward and the influence of different lattice types on the N2O formation 
route is therefore uncertain. 
 
 
Figure 4.6. RAIR integrated intensities of hydroxylamine (left-side panels), nitroxyl (centre panels) and 
nitrous oxide (right-side panels) versus H-atom fluence for several co-deposition experiments using high 
H-atom flux (top panels) and low H-atom flux (bottom panels). Every panel shows three curves: one for H 
atoms co-deposited with pure NO (black squares), another for H atoms co-deposited with NO:CO = 1:1 
mixture (red circles) and one for co-deposition of H atoms co-deposited with NO:CO = 1:6 mixture (blue 
triangles). A missing curve indicates that the product is not detected during the experiment. 
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Figure 4.7. RAIR integrated intensities of hydroxylamine (left-side panel), nitroxyl (centre panel) and 
nitrous oxide (right-side panel) formed upon H-atom exposure versus the ice thickness in a co-deposition 
experiment of NO:CO(1:6) + H and NO:H2O(1:6) + H. Each panel shows four curves: low H-atom flux 
co-deposited with NO:H2O = 1:6 mixture (full black circles); low H-atom flux co-deposited with NO:CO 
= 1:6 mixture (empty black circles); high H-atom flux co-deposited with NO:H2O = 1:6 mixture (full red 
diamonds); low H-atom flux co-deposited with NO:CO = 1:6 mixture (empty red diamonds). 
 
4.3.7 Possible reaction pathways 
 
4.3.7.1 NO hydrogenation network 
 
Figure 4.8 shows the NH2OH formation reaction scheme as investigated in this work. The 
solid lines indicate reaction pathways that take place without an activation barrier or with a 
very small activation barrier and are therefore efficient at cryogenic temperatures, e.g., in 
dense cold quiescent clouds. The dashed lines repres nt the reactions that proceed with an 
activation barrier. 
In Fig. 4.8, three subsequent H-atom addition reactions to form NH2OH from a single 
NO molecule are highlighted in red double-bordered boxes. 
 
NO + H → HNO,            (4.1a) 
HNO + H → H2NO,           (4.1b) 
H2NO + H → H2NOH.           (4.1c) 
 
These three reactions represent the simplest and most efficient formation route of 
hydroxylamine. In reactions (4.1a) and (4.1b), the H atoms are subsequently added to the N 
atom of the NO molecule, while the last H atom in reaction (4.1c) is added to the oxygen. 
The reactions 
 
NO + H → NOH,            (4.2a) 
HNO + H → HNOH,           (4.2b) 
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where the addition of H atoms takes place on the oxygen atom side of the NO molecule, are 
expected to be less efficient. Matrix isolation expriments (Jacox & Milligan 1973) and ab 
initio calculations (Page & Soto 1993) indeed indicate that these reactions have high 
activation barriers (>4000 K and >10000 K, respectiv ly, see Page & Soto 1993) and are, 
therefore, less efficient compared to the barrierless reactions (4.1a) and (4.1b). However, 
for the reaction 
 
HNO + H → NO + H2,           (4.3a) 
 
gas-phase ab initio calculations (Page & Soto 1993) show that the rate of hydrogen atom 
abstraction is higher than the rate of hydrogen atom addition at all temperatures (e.g., by a 
factor of 20 at 300 K). This is not consistent with our experimental results where 
hydroxylamine is formed even at very low H-atom fluxes. This discrepancy, however, is 
likely due to differences between solid-state and gas-phase reactions. Reactions (4.1b) and 
(4.3a) are both exothermic. Reaction (4.3a) provides two final products and in this case the 
excess energy of the reaction can be efficiently distributed over two bodies to be 
translationally dissipated both in the gas phase and in the solid state. For reaction (4.1b) 
this excess energy must be distributed only over the vibrational- and in the gas phase also 
rotational-levels of a single hydrogenation product (unless photon emission with required 
energy is allowed), and will be much less efficient in the gas phase than in the solid state 
where the surrounding molecules play the role of an absorbing third body. Therefore, the 
presence of a third body can efficiently change the branching ratio between H-atom 
addition and H-atom subtraction reactions, leading, for instance, to the efficient surface 
formation of NH2OH ice. As in reaction (4.3a), the hydrogen abstraction reaction 
 
H2NO + H → HNO + H2,          (4.3b) 
 
is also barrierless (Diau et al. 1995, Page & Soto 1993) and should compete with the 
hydrogen addition reaction (4.1c). However, as discus ed above, the formation of 
hydroxylamine has a higher effective branching ratio than reaction (4.3b) in the solid state. 
The hydrogenation of NO monomers through reactions (4.1a) – (4.1c) takes place only 
in NO:CO and NO:H2O hydrogenation experiments where the CO or H2O lattice can keep 
a fraction of the NO monomers isolated and can prevent their dimerization through 
reactions (4.4a) and (4.4b): 
 
NO + NO → cis-(NO)2,           (4.4a) 
NO + NO → trans-(NO)2.          (4.4b) 
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Formation of cis-(NO)2 is the preferred reaction pathway and is confirmed by NO matrix 
isolation experiments (Fateley et al. 1959, Sluyts & Van der Veken 1994). Under our 
experimental conditions trans-(NO)2 is observed only in an NO:CO:H = 1:6:70 
co-deposition experiment where it is trapped by the CO lattice and the products of NO 
hydrogenation. 
Due to a lack of gas-phase kinetic data the hydrogenation reaction scheme for (NO)2 
has so far been unclear. Here we experimentally show several reaction routes involving the 
hydrogenation of (NO)2. First, the nitric oxide dimer reacts with an H atom to form HNO 
and NO, 
 
(NO)2 + H → HNO + NO,          (4.5a) 
 
or produces an HNO·NO associated complex. The existence of this complex has already 
been suggested by several groups (Lin et al. 1992, Cheskis et al. 1981, Seddon et al. 1973, 
Chakraborty et al. 1988),  
 
(NO)2 + H → HNO·NO.           (4.5b) 
 
The addition of another H atom to a nitrogen atom of this associated complex leads to the 
formation of H2NO, HNO and NO: 
 
HNO·NO + H → H2NO + NO,            (4.6a) 
HNO·NO + H → HNO + HNO.         (4.6b) 
 
All these reactions lead to the formation of hydroxylamine precursors as shown by 
reactions (4.1a) – (4.3b). Our experiments confirm that hydroxylamine will eventually be 
formed upon hydrogenation of these species. 
There is another final product of NO hydrogenation reactions which is always 
observed in our experiments: N2O ice. The reaction pathway to form N2O is not yet clear, 
since all known possible mechanisms involve a high activation barrier. 
A possible mechanism to form N2O is through HNO dimerization and the subsequent 
dissociation of the formed hyponitrous acid (Diau et al. 1995, Lin et al. 1992, Cheskis et al. 
1981),  
 
HNO + HNO → H2N2O2 (OHN=NHO) ,       (4.7) 
H2N2O2 (OHN=NHO) → isomerisation → N2O + H2O.    (4.8) 
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This mechanism is rather unlikely to occur at cryogenic temperatures, because reaction (4.8) 
involves at least one H-atom migration from a nitrogen atom to an oxygen atom of an 
OHN=NHO molecule leading to the formation of the intermediate HON(NO)H or 
HON=NOH which will then dissociate to form nitrous oxide and water (Diau et al. 1995, 
Lin et al. 1992). Both dissociation and H-atom migration involve activation barriers as well 
as the HNO dimerization itself (reaction 4.7). However, several of these activation barriers 
can be overcome by the following mechanism. First, an H atom is added to an N atom of 
the HNO·NO associated complex. This reaction is exothermic and takes place without an 
activation barrier. The excess energy of this reaction can then help to overcome the H2N2O2 
dissociation barrier leading to the formation of nitrous acid by a mechanism similar to 
reactions (4.7) and (4.8): 
 
HNO·NO + H → H2N2O2(“hot”) → isomerisation → N2O + H2O.  (4.9) 
 
The weak point of both suggested mechanisms is the high activation barrier in the last step 
of reactions (4.8) and (4.9). Because of this barrier H2N2O2 (OHN=NHO) should be 
detectable in our spectra under our experimental conditi ns together with N2O. Moreover, 
the infrared spectrum of H2N2O2 and its deuterated analogue have strong absorption 
features, i.e., two close bands around 1000 cm-1 which are not present in our RAIR spectra 
(see Figs. 4.1(c, e), Figs. 4.2(a, c)) (McGraw et al. 1967). The absence of H2N2O2 
absorption features indicates that another reaction pathway is likely responsible for the N2O 
formation. 
One of these possible formation mechanisms for N2O was suggested earlier in Cooper 
et al. 1970 and Bonner et al. 1978, where reduction of NO with alkaline hydroxylamine 
was studied: 
 
HNOH + NO → HON(NO)H ,          (4.10) 
HON(NO)H → N2O + H2O.           (4.11) 
 
Reaction (4.10) is exothermic (Diau et al. 1995) and, as other radical-radical reactions, 
should proceed without an activation barrier. The product of reaction (4.10) may be formed 
with enough internal energy to overcome its dissociation barrier and to produce nitrous 
oxide and water (reaction 4.11). However, the formation of HNOH (reaction 4.2b) is 
thermodynamically unfavourable (Diau et al. 1995). Therefore another formation 
mechanism is proposed here, i. ., the direct addition of an H atom to the oxygen atom of an 
(NO)2 dimer followedy the dissociation of the unstable radic l: 
 
ONNO + H → (ONNOH) → N2O + OH.        (4.12) 
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This reaction pathway is exothermic, and according to BAC – MP4 calculations (Diau et al. 
1995) the second step is barrierless (or at least hs a very small barrier). The first step of 
this reaction is similar to reaction (4.2a) and, therefore, presents an activation barrier 
(dashed arrow in Fig. 4.8). Although our experimental data are not conclusive on the 
efficiency of the N2O formation mechanisms, reaction (4.12) is likely the most efficient 
pathway because of its simplicity and because we do not detect the intermediates formed 
according to reactions (4.7) – (4.11). 
In Congiu et al (2012b), two reaction pathways are suggested for the formation of 
N2O ice in a low surface coverage regime (<1 monolayer) on silicate surfaces. The first one 
is reaction (4.12) as discussed above. A different formation route is: 
 
HNO + NO → N2O + OH.          (4.13a) 
 
BAC-MP4 calculations (Diau et al. 1995) show that this formation mechanism involves at 
a certain stage the migration of one H atom from a nitrogen to an oxygen atom: 
 
HNO + NO → HN(O)NO → ONNOH → N2O + OH.     (4.13b) 
 
This migration process has a very high activation barrier (122 kJ mol-1) and is endothermic 
(Diau et al. 1995). A possible way to overcome this activation barrier under our 
experimental conditions is through the participation of a “hot” HNO molecule formed from 
reaction (4.1a) before the HNO dissipates its excess energy (203 kJ mol-1, see Diau et al. 
1995) into the bulk of the ice. However this reaction s unlikely to occur in a high surface 
coverage regime, when HNO is always surrounded by other species. Moreover, reaction 
(4.13) requires at the same time the presence of NO monomer, which is detected in a high 
surface coverage regime only if NO is diluted into a CO matrix (see Fig 4.2a). Therefore, 
reaction (4.13) is unlikely to be efficient under our experimental conditions. 
The unidentified absorption feature in our IR spectra, here named X-NO, appears at 
1829 cm-1. Further experimental constraints are needed to assign this feature to the 
HNO·NO complex or to the HON(NO)H intermediate.  
The produced OH radicals from reaction (4.12) can react with H atoms and NO 
molecules to form: 
 
OH + H → H2O,            (4.14a), 
OH + NO → HNO2.           (4.14b). 
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Recently another solid-state reaction pathway involving the OH radical was extensively 
investigated at cryogenic temperatures in (Romanzin et al. 2011, Oba et al. 2012): 
 
OH + H2 → H2O + H.           (4.14c). 
 
The identification of H2O and HNO2 is not trivial due to the low final yield of these pecies 
and the overlap of their absorption features with other molecules present in the ice. Newly 
formed H2O molecules are reported in the gas phase upon desorption from the ice in 
Congiu et al (2012b). The amount of water ice formed at the endof the experiments 
described there is estimated to be a fraction of a monolayer (~ 0.5 ML). Moreover, all the 
suggested formation routes of H2O ice have N2O as an accompanying product. Since N2O 
is present only in low abundances in our experiments, the formation of H2O in the present 
study is expected to be inefficient.    
As previously mentioned H2CO is not formed during low H-atom flux experiments, 
but it is present in the ice only if all NO is converted to its hydrogenation products. Both 
gas-phase experimental work (Butkovskaya et l. 1997) and calculations (Diau et al. 1995) 
show that the following reaction: 
 
HCO + NO → HNO + CO,          (4.15) 
 
is exothermic and likely barrierless. If reaction (4.15) takes place under our experimental 
conditions, the presence of NO in the ice can effici ntly reduce the final H2CO yield in 
favour of the NH2OH formation. This is consistent with our experimental results. However, 
there is no direct evidence for this reaction pathwy in our experiments. In particular, the 
low efficiency of H2CO formation may also be explained by a short residence time of the H 
atoms on the ice surface combined with the competition between the CO + H reaction, 
which has a barrier, and the barrierless NO + H reaction (4.1a). 
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Figure 4.8. A schematic representation of the solid state NO + H reaction network, summarizing the 
conclusions from this work and Congiu et al. (2012b). Solid squares indicate species that are det cted in 
the ice while dashed squares indicate intermediate products that are not detected but may be formed in the 
ice. Solid arrows represent efficient and/or barrierless reactions. Dashed arrows represent reaction 
pathways with an activation barrier. Only atom and ra ical addition reactions are presented here (.g., 
hydrogen abstraction reactions are omitted for simplicity). 
 
4.3.7.2. UV processing of the ice 
 
As opposed to the neutral-neutral non-energetic surface reactions discussed in the previous 
section, UV processing of ices provides an energetic input that leads to the dissociation of 
molecular bonds and the formation of “hot” fragments, i.e., radicals, atoms and ions. These 
“hot” fragments can in turn react with the surrounding molecules and easily overcome 
activation barriers, desorb from the ice surface or diffuse into the bulk of the ice and kick 
other molecules out (Öberg at al. 2007, Öberg at al. 2009, Öberg at al. 2010). Here we 
focus on the UV photolysis of pure solid NO and NO mixed with CO and H2O ices. 
Although a detailed quantitative analysis of the UV-induced reaction network is 
challenging without knowing photodissociation and photoionisation cross-sections for all 
the molecules present and/or formed in the ice upon UV photolysis, we can still draw 
important conclusions on the efficiency of several re ction pathways.  
UV processing of pure NO ice gives two final products: N2O and N2O3. These species 
can be formed through the following reaction: 
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2(NO)2 + hν → N2O + N2O3.           (4.16) 
 
First, a N-O bond from a cis-(NO)2 is broken upon UV photolysis (reaction 4.17a). Then, 
the free oxygen atom recombines with a nearby nitrogen atom of another (NO)2 dimer to 
form dinitrogen trioxide (reaction 4.17b): 
 
(NO)2 + hν → N2O + ·O,          (4.17a) 
(NO)2 + ·O → N2O3.           (4.17b) 
 
This result is consistent with Hawkins & Downs (1984) where the photolysis of cis-(NO)2 
is studied at 13 K in an Ar matrix. The formation of nitrous oxide via direct 
photodissociation of nitric oxide and the consequent N-atom addition reaction to an NO 
dimer: 
 
(NO)2 + hν → NO + ·N + ·O,          (4.18a) 
(NO)2 + N → N2O + NO.          (4.18b) 
 
is unlikely to occur since gas-phase chemical datashow (Diau et al. 1995, Lin et al. 1992) 
that the nitrogen atom addition to NO forms molecular nitrogen rather than nitrous oxide. 
Moreover, the non-detection of the ·NCO radical in NO:CO photolysis experiments 
constrains the low efficiency of reaction (4.18a): 
 
CO + N → ·NCO.            (4.19) 
 
UV processing of NO:CO ice mixtures yields two additional products: NO monomers and 
CO2. The formation of NO monomers can be explained by the reaction: 
 
(NO)2 + hν → NO + NO*,          (4.20) 
 
and the subsequent isolation and relaxation of “hot” (electronically or vibrationally excited) 
monomers in a CO lattice.  
The other product is CO2 ice that can be formed through “hot” oxygen atom addition 
to carbon monoxide:  
 
CO + ·O → CO2.            (4.21) 
 
This reaction pathway is discussed in several experimental studies (Raut & Baragiola 2011). 
According to Raut & Baragiola (2011), reaction (4.21) takes place even at cryogenic 
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temperatures, although it has a significant activation barrier. The transfer of O atoms from 
cis-(NO)2 molecules is also observed in Hawkins & Downs (1984) after the exposure of 
Ar/NO/CO samples to photons at λ = 220 – 330 nm.  
Our experiments show that photolysis of nitric oxide n a matrix of carbon monoxide 
and water produces an even larger amount of CO2. As recently shown in independent 
laboratory experiments (Oba et al. 2010, Ioppolo et al. 2011, Noble et al. 2011), CO2 can 
be efficiently formed through the reactions: 
 
H2O + hν → ·OH + ·H,           (4.22) 
CO + ·OH → HOCO → CO2 + H,         (4.23) 
 
where direct dissociation of the HOCO complex leads to the formation of CO2 ice. 
Photodissociation of water ice (reaction 4.22) can also explain the formation of the 
final products only detected when an NO:H2O ice was exposed to UV photons: H2O2 by 
recombination of two OH radicals, HNO by H-atom addition to NO (reaction 4.1a), and 
possibly HNO2 by recombination of nitric oxide with a hydroxyl radical: 
 
NO + ·OH → HONO.            (4.24) 
 
Additionally, water can react with a “hot” (electronically excited) oxygen atom to form 
hydrogen peroxide: 
 
H2O + ·O → ·OH + ·OH → H2O2.          (4.25) 
 
This reaction pathway competes with the formation of N2O3 in water-rich matrices 
(reactions 4.17a – 4.18a) by consuming free O atoms and may be the cause of the low final 
yield of N2O3 detected in water-rich ices (see Fig. 4.4).  
The newly formed products may themselves participate in UV-induced chemistry. For 
example, UV photodissociation of CO2 and N2O leads to the formation of free O atoms:  
 
CO2 + hν → CO + ·O,            (4.26) 
N2O + hν → N2 + ·O.            (4.27) 
 
These reactions can play a role in oxygen transfer, but become important only after a long 
photolysis period with a total UV exposure of at least 1017 photons cm-2. This flux 
corresponds to more than hundred incident UV photons per adsorption spot. 
The low ionisation potential of cis-(NO)2 can lead to the formation of NO
+ and (NO)2
+ 
in the ice upon absorption of Ly-α radiation (Levchenko et al. 2006). However, it is not 
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clear from our experimental data to what extent ion chemistry is involved in the O atom 
transfer and the subsequent formation of N2O3 and CO2. 
The non-detection of NH2OH in the NO:H2O ice photolysis experiments indicates that 
there is a lack of free H atoms in the bulk of the ice. Therefore, reaction (4.22) has a low 
efficiency and/or recombination of hydrogen atoms is an efficient mechanism under our 
experimental conditions. Another mechanism which could reduce the final NH2OH yield is 
the efficient photodissociation of the intermediate HNO. Recently, we tried to form 
NH2OH by UV photolysis of NH3:H2O and NH3:O2 ice mixtures. These experiments show 
that the formation of NH2OH in the bulk of NH3:H2O ice is not efficient either, while UV 
photolysis of NH3:O2 ice mixtures gives uncertain results. 
 
4.4 Astrochemical implications 
 
In quiescent dark clouds, grains provide surfaces on which species can accrete, meet and 
react and to which excess reaction energy can be donated. Grain surface chemistry is 
governed by the accretion rate of the gas-phase species and the surface migration rate. The 
timescale at which gas-phase species deplete onto grains is about 105 years in dense clouds 
with lifetimes of dense cores between 105 and 106 years. Early during dense cloud 
formation an H2O-rich (polar) ice containing mainly CO2 and traces of CH4 and NH3 forms. 
Under these conditions NO can be also formed through surface reactions. In prestellar 
cores, where densities are as high as 105 cm-3 and temperatures are 10 – 20 K, gas-phase 
CO molecules freeze out onto the water ice layer forming a non-polar ice which is the site 
for additional and more complex reaction pathways. Under these conditions gas-phase 
formed NO can also deposit onto icy grains and species like N2O, HNO and NO itself can 
be formed through surface reactions involving H-, N and O-atoms. These species are, 
therefore, expected to be present in both polar and non-polar ices during the prestellar 
core-phase. In a recent astronomical study (Congiu et al. 2012a) we discussed the 
efficiency of the formation of hydroxylamine starting from the hydrogenation of a pure NO 
ice. In this work, by studying the hydrogenation of NO in H2O-, CO-, and N2- ice mantles, 
a full reaction scheme in polar and non-polar environments has been derived.  
Due to the low abundance of interstellar solid NO compared to water ice the upper 
part of the chemical network presented in Fig. 4.8 is not likely to be astronomically 
relevant. The formation of an (NO)2 dimer in space is indeed not favourable. However, the 
hydrogenation of NO molecules and the subsequent formation of NH2OH is efficient 
(through a barrierless mechanism) at cryogenic temperatures (15 K) in both water- and 
carbon monoxide-rich ices. Therefore, according to our experimental results we expect that 
in quiescent dark clouds NO is efficiently converted o hydroxylamine. However, special 
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care is needed to extrapolate the laboratory data to astronomical timescales and fluxes, as 
our experiments, for obvious reasons, are not fullyrepresentative for interstellar conditions.  
To show that the presented reaction scheme (Fig. 4.8) can indeed lead to the formation 
of NH2OH in dense cores, we have performed a gas-grain model using a full gas and grain 
chemical network of more than 6000 reactions between 460 species of which 195 are 
involved in both gas-phase and grain-surface reactions (Congiu et al. 2012a). For this we 
used the OSU gas-grain code, first described by Hasegawa et al. (1992) with some recent 
modifications, which are described in Hassel et al. (2008). The initial abundances and 
chemical network are taken from a benchmark study of chemical codes (Semenov et al. 
2010). The physical conditions are chosen similar to their “TMC 1” model which represents 
a prototypical dense cloud. A fraction of the formed surface species is allowed to desorb into 
the gas phase according to the Rice-Ramsperger-Kessel (RRK) theory (Holbrook et al. 1996, 
Garrod et al. 2007) with an efficiency of α = 0.01.  
Most surface reactions in chemical networks are based on chemical intuition or are 
included by analogy to gas-phase reactions. The reaction between H and HNO in standard 
chemical networks leads to H2 and NO, while NH2OH is usually formed through NH2 + OH. 
Therefore, in standard chemical networks, no NH2O  is formed and NO ice is mostly 
converted into HNO or N2O under dark cloud conditions. This is in agreement with Garrod 
et al. (2007) who performed chemical models of star formation and who found that NH2OH 
is only abundantly formed in the “hot-core” phase when the grain is lukewarm and NH2 and 
OH become mobile.  
Since in cold dense clouds the visual extinction is around 10 mag and photodissociation 
events are rare, the surface abundance of radical species like OH and NH2 is low. The low 
grain-surface temperature of 10 K reduces the mobility of these species, while hydrogen 
atoms are already mobile at this temperature. Moreover, UV photolysis experiments show 
that hydroxylamine is not formed by irradiating NO:CO:H2O nor NH3:H2O ice mixtures at 
low temperatures. The NO hydrogenation scheme as experimentally investigated in the 
present study is, therefore, much more promising as an NH2OH formation reaction route. In 
our model, that includes the NO hydrogenation scheme, NH2OH is indeed abundantly 
present in both the solid and the gas phase. The hydrox lamine abundance peaks at 105 years. 
Photodissociation into OH and NH2, of which the latter converts into NH3 upon 
hydrogenation, starts to become important at this time. Snow et al. (2007) showed that 
gas-phase NH2OH can react with CH5
+ to form NH3OH
+ that can in turn react with different 
carboxylic acids to form protonated amino acids. These reactions are not included in the 
networks used. Our model (Congiu et al. 2012a), however, predicts that hydroxylamine has 
a relative abundance of at least 7·10-9 nH on the grain surface and 3·10
-11 nH in the gas phase 
at the end of the lifetime of a dense cold cloud (1-10 Myr), before the core collapses. 
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To date, and to the best of our knowledge, interstellar hydroxylamine has not been 
observed in space, and only upper limits have been fou d for a number of sources (Pulliam 
et al 2012). These correspond to fractional abundances of <10-11 in the gas phase. This is 
around the same order of magnitude as our gas-phase mod l predictions for dense clouds. 
We therefore expect that in the near future the faint radio signal from NH2OH gas-phase 
molecules will be recorded by the receivers of ALMA that will investigate the inner parts of 
proto-planetary disks and hot-cores with relatively high temperatures (Herbst 2008). The 
hydroxylamine locked onto the grains at the beginning of the core collapse becomes 
accessible for further reaction at later stages when a protostar forms and UV irradiation and 
thermal processing start. The astrobiological implications of our study are constrained by 
the results of Blagojevic et al. (2003). They proposed a route for the synthesis of amino 
acids in interstellar environments starting from desorption of NH2OH. In their study 
NH2OH is formed through energetic processing at a late stage of star formation. Here we 
have shown how NH2OH is already formed in the solid phase though a non-energetic route 
in the early stages of star formation. Figure 4.9 shows the link between the updated 
solid-phase NH2OH formation scheme and the gas-phase formation routes of amino acids 
in space. Here the key stage of this suggested mechanism is that in which reactions 
between protonated hydroxylamine and carboxylic acids occur. Although these reaction 
pathways were already proved experimentally to be efficient at room temperature 
(Blagojevic et al. 2003), recent calculations show that they may involve activation barriers 
(Barrientos et al. 2012) and, therefore, that they may not be efficint under astronomically 
relevant conditions. Thus, there is now great demand for experimental verification of the 
latter results.  
Finally, acetic acid, another main component of this reaction network, has already 
been detected towards several astronomical objects (mainly hot-cores), see Mehringer t al. 
(1997) and Remijan et al. (2003). Bennett & Kaiser (2007) showed successfully the 
laboratory synthesis of acetic acid by UV photolysis of CO2:CH4 ices under UHV 
conditions and cryogenic temperatures. 
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Figure 4.9. Proposed formation route of amino acids in star-forming regions based on the hydroxylamine 
surface formation route investigated in the present study combined with the experimental work of 




A systematic study of NO hydrogenation pathways under UHV conditions and for 
cryogenic temperatures is presented. In particular, the influence of sample temperature, NO 
deposition rate, H-atom flux and UV photolysis on the formation of different 
hydrogenation products is studied. Special attention is given to the hydrogenation of NO in 
CO- and H2O-rich ices and the astronomical implications of our results are also discussed. 
The main conclusions of this work are listed below: 
1. In CO- and H2O-rich interstellar ice analogues NO is efficiently converted to 
hydroxylamine upon exposure to thermal H atoms. 
2. The formation of hydroxylamine takes place through a fast and barrierless 
mechanism by subsequent addition of three H atoms t a single NO molecule. 
3. HNO is an intermediate product of hydroxylamine formation and is observed in our 
experiments only under low H atom flux conditions. 
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4. The final HNO and NH2OH formation yield is higher at 15 K than at 25 K. 
5. In water-rich interstellar ice analogues the final NH2OH formation yield is higher 
than in CO-rich ices. 
6. In CO-rich ices hydroxylamine is formed well before CO molecules are 
hydrogenated to form formaldehyde and methanol. 
7. N2O is a side product of the NO hydrogenation reaction scheme. 
8. Solid NH2OH is not formed upon UV photolysis of NO:CO:H2O ices. The end 
products are N2O, N2O3 (or NO2), HNO, H2O2 and CO2 ice. 
9. According to our laboratory and modelling result we expect that NH2OH is already 
present in the solid phase in dark molecular clouds and mainly in the gas phase in 
protostar regions. We therefore expect that in the near future gas-phase NH2OH will 
be detected by ALMA. 
10. Hydroxylamine formed efficiently in the solid phase provides a gas-phase reservoir 
upon desorption as a starting point in the formation of glycine and β-alanine. 
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V 
Solid State Chemistry of Nitrogen Oxides： 
Completing the Full Network 
 
 
Nitrogen oxides are considered to be important astrochemical precursors of complex 
species and prebiotics. However, apart from the hydrogenation of solid NO that leads to the 
surface formation of hydroxylamine, little is known about the full solid state reaction 
network involving both nitrogen and oxygen. Our study is divided into two papers, hereby 
called Part I and Part II. In the accompanying paper published back-to-back to this chapter, 
we investigate the surface reactions NO + O/O2/O3 and NO + N with a focus on the 
formation of NO2 ice. Here, we complement this study by measurements of he surface 
destruction of solid NO2, e.g., NO2 + H/O/N. Experiments are performed in two separate 
ultra-high vacuum setups and therefore under different experimental conditions to better 
constrain the experimental results. Surface reaction pr ducts are monitored by means of 
Fourier Transform Reflection Absorption Infrared pectroscopy (FT-RAIRS) and 
Temperature Programmed Desorption (TPD) techniques using mass spectrometry. The 
surface destruction of solid NO2 leads to the formation of a series of nitrogen oxides such 
as NO, N2O, N2O3, and N2O4 as well as HNO, NH2OH, and H2O. When NO2 is mixed with 
an interstellar more relevant apolar (i.e., CO) ice, solid CO2 and HCOOH are also formed 
due to interactions between different reaction routes. The astrophysical implications of the 
full nitrogen and oxygen reaction network derived from Parts I and II are discussed. 
 
 
S. Ioppolo, G. Fedoseev, M. Minissale, E. Congiu, F. Dulieu and H. Linnartz, 2014, PCCP, 16, 8270
 - 100 -
5.1 Introduction 
 
Ice-covered dust grains play a key role in the chemistry of the interstellar medium. The 
cumulative outcome of recent observations, laboratory studies, and astrochemical models 
indicates that there is a strong interplay between th  gas and the solid phase throughout the 
formation process of molecules in space (Herbst & van Dishoeck 2009, Garrod 2013). 
Surface reaction mechanisms on cold dust grains initiate molecular chemistry starting with 
the formation of H2, and dominate the formation of complex organic molecu es (COMs) in 
space. Indeed, interstellar grains provide surfaces on which gas-phase species can accrete, 
meet, and react, and to which they can donate the exc ss energy. Therefore, in dense cold 
clouds, icy dust grains act both as a molecular reservoir and as sites for catalysis.  
Complex grain surface chemistry is also triggered by photon-induced cosmic ray 
irradiation and particle bombardment, e.g., free atoms, electrons, and cosmic rays (Herbst 
& van Dishoeck 2009, van Dishoeck & Blake 1998). During later stages of star formation, 
condensed-phase molecules can be thermally processed to form more complex species 
(Theulé et al. 2013). Ultimately, ices may desorb from the dust grains and participate in 
second generation gas-phase reaction schemes (Charnley et al. 1992). Some of this material 
can re-condense in the inner part of the protoplanetary disk, according to their snow-lines, 
and then be eventually delivered to icy planetesimals and planets (Qi et al. 2013). 
Nitrogen-containing molecules are essential for life on Earth. Therefore, understanding 
the nitrogen and oxygen chemistry in space is an important step to link the formation of 
interstellar COMs to the origin of life. However, to date, surface nitrogen chemistry is 
poorly understood. Laboratory studies showed that ion irradiation of interstellar relevant 
ices containing N2 (e.g., H2O:N2 + 60 keV of Ar
2+, CO:N2 + 200 keV of H
+) leads to the 
formation of some nitrogen oxides, such as NO, N2O, and NO2. When carbon-bearing 
species are present in the ice and are irradiated in a mixture with N2, also OCN
- is formed 
(Boduch et al. 2012, Sicilia et al. 2012). Laboratory studies of non-energetic surface 
processing showed that, for instance, ammonia (NH3), hydroxylamine (NH2OH), nitrogen 
dioxide (NO2), dinitrogen trioxide (N2O3), nitrous acid (HNO2), and nitric acid (HNO3) are 
efficiently formed at low temperatures through hydrogenation of N-atoms, NO+H, NO+O2, 
NO+NO2, NO+OH, and NO2+OH reactions, respectively (Hiraoka et al. 1995, Hidaka et al. 
2011, Congiu et al. 2012a, Congiu et al. 2012b, Fedoseev et al. 2012, Minissale et al. 2013, 
Ioppolo et al. 2013, Joshi et al. 2012). 
In the accompanying paper, hereafter referred to as Part I (Minissale et al. 2014), we 
investigate the oxygenation of solid NO (NO+O/O2/ 3) at low temperature, on different 
substrates (silicate, graphite, compact amorphous slid water - ASW, and gold), and in 
different environments (pure NO, polar ice - NO:H2O, and apolar ice - NO:CO). Solid NO2 
 - 101 -
is shown to be efficiently formed in all cases indicat ng that the reaction NO+O is 
barrierless or has a small barrier. Despite these findings, interstellar NO2 has not been 
observed yet. According to the UMIST database, NO2 has an estimated abundance of 
~10-11 wrt molecular hydrogen in the early stage of an interstellar cloud, and ~2·10-10 later 
at steady state (McElroy et al. 2013). The non-detection of NO2 can be explained by 
efficient photodissociation and/or a non-energetic surface consumption pathway. The latter 
is the topic of the present study that shows the labor tory destruction of NO2 through 
surface reactions (NO2+H/O/N). 
It should be noted that pure NO and NO2 ice are not expected to exist in space, however 
interstellar NO and NO2 should be present in the solid phase mixed with more abundant 
species. The astrophysical relevance of the work presented here aims at characterizing 
selected surface reaction processes, such as NO+H/O/N and NO2+H/O/N, that occur in 
interstellar ices and that can explain the formation of more complex species in space (e.g., 
NH2OH). In order to achieve this goal, a systematic study is presented that starts from the 
simplest case of pure ices and also includes interstellar more relevant environments. In Part 
I, we studied the formation of NO2 in both polar and apolar ices. Figure 3 of Part I shows 
that all the infrared features from N-bearing species present in a water-rich ice are 
broadened, shifted, and overlap with the strong OH bending mode of water ice. Thus, the 
unambiguous identification of species consumed or formed in the ice upon atom exposure 
is not trivial in a polar environment. On the other hand, Figure 4 of Part I shows that a 
CO-rich ice is a better environment to study surface reactions of N-bearing species, 
because all the spectral features are sharp and do ot overlap with the CO modes. Therefore, 




As for Part I, experiments are performed in two different setups: SURFRESIDE2 at the 
Sackler Laboratory for Astrophysics, Leiden University, The Netherlands, and 
FORMOLISM at the University of Cergy-Pontoise, France. Here follows a brief 
description of the setups and the experimental methods, since both systems are discussed in 
detail elsewhere (Congiu et al. 2012b, Ioppolo et al. 2013). The use of two ultrahigh 
vacuum (UHV) systems allows for complementary studies of selected interstellar relevant 
surface reactions. Therefore, a combination of experiments performed in these setups gives 
information on surface reactions occurring under different surface coverage 
(sub-monolayer vs multilayer regime), different subtrates (gold, silicates, graphite, and 
ASW ice), and different matrix environments (pure NO and NO2, NO in polar ice, and NO 
and NO2 in apolar ice). 
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5.2.1 SURFRESIDE2 setup 
 
SURFRESIDE2 consists of three distinct UHV chambers. In the main chamber, ices are 
deposited with monolayer precision (where 1 ML is as umed to be 1015 molecules cm-2) 
and processed at astronomically relevant temperaturs (13−300 K) on a gold substrate. 
Reflection Absorption Infrared Spectroscopy (RAIRS) and Temperature Programmed 
Desorption (TPD) are used as analytical tools to characterize the ice composition. In the 
other chambers different atom sources are mounted for the controlled production of well 
characterized atom (molecular) beams. Two different atom sources are used, one Hydrogen 
Atom Beam Source (HABS, Dr. Eberl MBE-Komponenten GmbH, see Tschersich & von 
Bonin 1998, Tschersich 2000, Tschersich et al. 2008) based on thermal cracking, and a 
Microwave Atom Source (MWAS, Oxford Scientific Ltd, see Shmidt et al. 1996, Anton et 
al. 2000) that implements a microwave discharge (300 W at 2.50 GHz). The HABS is used 
to hydrogenate/deuterate the sample, while the MWAS can produce beams of different 
atoms and radicals (e.g., H, D, O, OH, OD, and N).  
The two custom-made atom line chambers present idenical geometrical characteristics. 
Shutters separate the beam lines from the main chamber and allow for an independent 
operation of the individual atom beam lines. A quartz pipe is placed after each shutter and 
along the path of the dissociated beam. The nose-shaped form of the pipe is designed to 
efficiently quench the excited electronic and ro-vibrational states of species through 
collisions with the walls of the pipe before they reach the ice sample. The geometry is 
designed in such a way that this is realized through at least four wall collisions of the atoms 
before leaving the pipe. In this way, “hot" species cannot reach the ice directly. All atom 
fluxes are in the range between 1011 and 1013 atoms cm-2 s-1 and the calibration procedures 
are described in Ioppolo et al. 2013. 
The system is designed to investigate selected surface eactions in the multilayer regime, 
on an optically flat gold substrate, in pure, polar, nd apolar ices, and for different atom 
fluxes. As described in Part I, co-deposition and sequential deposition experiments can be 
performed with this system under fully controlled conditions. Since ices are studied in the 
multilayer regime, RAIR spectra are used to test the reaction routes in situ, while QMS 
data are used as a complementary technique to constrain the RAIR results. 
 
5.2.2 FORMOLISM setup 
 
FORMOLISM consists of an UHV main chamber and two triply differentially pumped 
atom lines. The main chamber contains a silicate (or graphite) substrate that can be cooled 
down to 6.5 K. As for SURFRESIDE2, ices are studied in situ by a Fourier Transform 
 - 103 -
Infrared (FTIR) spectrometer in RAIR mode, and a qudr pole mass spectrometer (QMS). 
Diversly from SURFRESIDE2 that mounts the QMS on the back-side of the rotatable gold 
substrate, the substrate in FORMOLISM can be linearly translated in front of the rotatable 
QMS. In several experiments, compact ASW is deposited a  110 K on the substrate prior to 
the deposition of any reactants to study the substrate effect on thin ices (i.e., sub-monolayer 
regime). The two atom sources are both microwave driven dissociation sources (300 W at 
2.50 GHz). The atom fluxes are characterized in Part I and elsewhere (Congiu et al. 2012b, 
Amiaud et al. 2006). FORMOLISM uses TPD and QMS data as main techniques to 
investigate surface reaction schemes. Due to the low r signal-to-noise ratio of the RAIR 
data acquired in the sub-monolayer regime, RAIR spectra are usually used to constrain the 
results from the more sensitive, however, non-in situ QMS technique.  
SURFRESIDE2 and FORMOLISM are two complementary and unique system  that 
combined investigate interstellar relevant surface reaction schemes under an extensive 
physical and chemical range of conditions. Table I lists the experiments performed by the 
two systems to study the destruction of NO2 molecules for astronomically relevant 
temperatures. In the next section, we show the results of the experiments listed in Table 5.1. 
The possible destruction routes are presented in the discussion section. The paper 
completes with astrophysical implications and conclusions. 
Table 5.1. List of experiments performed by SURFRESIDE2 and FORMOLISM. 
Experiment Method Ratio Rdep Tdep Tatom-add PAL TAL MWP Atom-fluence t RAIRS TPD 
   (L/min) (K) (K) (10-6 mbar) (K) (W) (1016 atoms/cm2) (min)   
SURFRESIDE2  NO2      (H from H2)   (10 K/min) 
30 ML NO2:H
a seq-dep – 1.2 80 15 1 2150 – 0.6 60 Y – 
30 ML NO2:H
a seq-dep – 1.2 80 15 10 2150 – 1.5 25 Y QMS 
NO2:H co-dep 1:0.5 1.2 80 80 10 2150 – 1.5 25 Y – 
NO2:H co-dep 1:0.5 1.2 50 50 10 2150 – 1.5 25 Y – 
NO2:H co-dep 1:0.5 1.2 35 35 10 2150 – 1.5 25 Y – 
NO2:H co-dep 1:0.5 1.2 15 15 10 2150 – 1.5 25 Y – 
NO2:H co-dep 1:0.1 1.2 15 15 1 2150 – 0.3 30 Y – 
NO2:H co-dep 1:10 0.05 15 15 10 2150 – 3.0 50 Y QMS 
30 ML NO2 dep – 1.2 15 – – – – – – Y QMS 
30 ML NO2 dep – 1.2 15 – – – – – – Y IR 
   NO2, 
13CO      (H from H2)   (1 K/min) 
NO2:
13CO:H co-dep 1:25:2 0.05, 1.25 15 15 1 2150 – 0.2 27 Y – 
NO2:
13CO:H co-dep 1:50:10 0.05, 2.5 15 15 10 2150 – 3.0 50 Y – 
NO2:
13CO co-dep 1:50 0.05, 2.5 15 – – – – – – Y IR+QMS 
13CO:H co-dep 1:1.5 –, 0.50 15 15 10 2150 – 3.0 50 Y – 
   NO2, 
13CO      (O from N2O)    
NO2:
13CO:O:N2O co-dep 1:50:0.1:1 0.05, 2.5 15 15 2 – 275 0.02 29 Y – 
NO2:
13CO co-dep 1:50 0.05, 2.5 15 – – – – – – Y – 
13CO:O:N2O co-dep 50:0.1:1 –, 2.5 15 15 2 – 275 0.02 29 Y – 
   NO2      (N from N2)    
NO2:N:N2 co-dep 1:0.1:10 0.05 15 15 8 – 300 0.01 25 Y – 
NO2:N2 co-dep 1:10 0.05 15 15 8 – 0 – 25 Y – 
N:N2 dep 0.1:10 – – 15 8 – 300 0.01 25 Y – 
   NO2, 
13CO      (N from N2)    
NO2:
13CO:N:N2 co-dep 1:50:0.1:10 0.05, 2.5 15 15 8 – 300 0.02 50 Y – 
NO2:
13CO:N2 co-dep 1:50:10 0.05, 2.5 15 15 8 – 0 – 57 Y – 
13CO:N:N2 co-dep 50:0.1:10 –, 2.5 15 15 8 – 300 0.02 50 Y – 
             
Table 5.1. (continued)             
Experiment Method Thickness Rdep Tdep Tatom-add PAL MWP Atom-fluence t RAIRS TPD 
  (ML) (L/min) (K) (K) (10-10 mbar) (W) (1016 atoms/cm2) (min)   
FORMOLISM   NO2     (H from H2)    
NO2 + H + H2 seq-dep 1.5 0.12 15 15 2.8 85 0.6 32 N QMS 
NO2 + H + H2 seq-dep 2 0.12 15 15 2.8 105 1 50 Y QMS 
NO2 + H + H2 seq-dep 0.5 0.12 15 15 2.8 105 0.15 8 N QMS 
NO2 + H + H2 co-dep 2 0.12 15 15 2.8 105 0.55 30 N QMS 
H + NO2 seq-dep 1 0.12 10 10 2.8 105 0.2 10 N QMS 
NO2 + H2 seq-dep 1 0.12 10 10 2.8 105 – – N QMS 
   H2O, NO2         
H2O + NO2 + H seq-dep 50:1 2.4, 0.08 15 15 2.8 100 0.9 40 Y QMS 
   NO2     (O from O2)    
NO2 + O + O2 seq-dep 2 0.12 60 60 1.9 90 0.7 25 Y QMS 
NO2 + O + O2 co-dep 1 0.12 15 15 1.9 90 0.28 10 N QMS 
NO2 + O2 co-dep 1 0.12 10 10 1.9 90 – – N QMS 
O3 + NO2 seq-dep 1 0.12 10 10 1.9 90 – – N QMS 
   H2O, NO2         
H2O + NO2 + O seq-dep 50:1 2.4, 0.08 15 15 1.9 90 0.7 25 N QMS 
   NO2     (N from N2)    
NO2 + N + N2 seq-dep 3.2 0.12 60 60 2 110 1 72 Y QMS 
NO2 + N + N2 seq-dep 1 0.12 15 15 2 110 0.75 55 N QMS 
NO2 + N + N2 co-dep 0.5 0.12 60 60 2 110 0.15 10 N QMS 
NO2 + N2 co-dep 1 0.12 10 10 2 110 – – N QMS 
N + N2 + NO2 seq-dep 1 0.12 10 10 2 110 0.15 10 N QMS 
   H2O, NO2         
H2O + NO2 + N + N2 seq-dep 50:0.5 2.4, 0.08 15 15 2 110 0.15 10 N QMS 
Sequential deposition (seq-dep), co-deposition (co-dep), and deposition of single species (dep) are performed under different laboratory conditions. The thickness is expressed in monolayers (ML); Rdep is the deposition rate of a 
selected molecule expressed in Langmuir (L) min-1, where 1 L = 1.3·10-6 mbar s-1; Tdep is the substrate temperature during deposition; Tatom-add is the substrate temperature during atom addition; PAL is the atomic line pressure 
during atom exposure; TAL is the tungsten filament temperature of the HABS; MWP is the microwave power used in the experiments; atom-fluence is the total fluence at the end of the experiment; t is the total time of atom 
addition; RAIRS is the acquisition of RAIR spectra during seq-dep, co-dep, or dep of selected species; TPD is the temperature programmed desorption experiment performed afterward. 
aThese two experiments are from the hydrogenation of the same ice, i.e., first with low and then with high H-atom flux.  
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5.3  Results 
 
5.3.1  NO2 + H 
 
Figure 5.1 shows the TPD curves of NO2 (mass 46, left panel), H2O (mass 18, central 
panel), and NH2OH (mass 33, right panel) for two different sequential deposition 
experiments: 2.5 ML of NO2 (black line) and 2.5 ML of NO2 + 10 ML of H atoms (red 
line). A graphite plate held at 10 K is used as a substrate. To have similar background 
water contributions to the total water observed in both experiments (central panel), TPD 
experiments were started in both cases 50 minutes aft r the ice was deposited. Therefore, 
for the first experiment (2.5 ML of NO2) the ice was left at 10 K for 50 minutes before th 
TPD started, while for the second experiment (2.5 ML of NO2 + 10 ML of H) the ice was 
exposed to 50 minutes of H atoms with a H-flux of 3.3·1012 atoms cm−1 s−1 and the TPD 
was started afterward.  
Figure 5.1 shows the destruction of NO2 upon hydrogenation of the ice, and the 
formation of new molecules. In particular, the NO2 desorption peak is attenuated and 
shifted toward higher temperatures in the hydrogenatio  experiment (red curve) compared 
to the deposition of pure NO2 (black curve), indicating that new species are formed in the 
ice. In our experiments, the desorption temperatures of NO2, H2O, and NH2OH are between 
110 and 140 K, 140 and 170 K, and 225 and 265 K, respectively. Congiu et al. (2012b) 
showed that NH2OH desorbs between 180 and 200 K under UHV conditions. The higher 
desorption temperature of NH2OH reported here indicates that either mass 33 is due to 
NH2OH trapped by a less volatile unidentified species formed in the ice, or mass 33 is 
actually caused by an unidentified species that desorb at higher temperatures than NH2OH 
but fractionates via a NH2OH channel in the QMS. 
A comparison between infrared spectra for pure NO2, H2O, and NH2OH depositions, 
and co-deposition of NO2 + H with a ratio ~1:10 confirms the TPD results shown in Fig. 
5.1 (see Figure 5.2). In particular, spectrum (a) shows the dimerization of solid NO2, while 
spectrum (b) presents all the absorption peaks due to H2O and NH2OH as confirmed in 
spectra (c) and (d). Table 5.2 lists all the absorpti n features visible in Figure 5.2. The 
results shown in Figures 5.1 and 5.2 are obtained uder different experimental conditions: 
Fig. 5.1 - silicon substrate and sequential deposition; Fig. 5.2 - gold substrate and 
co-deposition. The ice thickness is similar for both experiments (~ 3 ML), while the 
analysis techniques are different: TPD with QMS (Fig. 5.1) and insitu FT-RAIR 
measurements (Fig. 5.2). Since both experiments use a high H-atom coverage, the final 
result in both experiments is the formation of satur ted species, such as water and 
hydroxylamine. This indicates that independent of these experimental settings, the reaction 
NO2 + H → NO + OH is efficient in the solid phase. 
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Figure 5.1. TPD curves of NO2 (m/z=46, left panel), H2O (m/z=18, central panel), and NH2OH (m/z=33, 
right panel) for two different co-deposition experiments at 10 K: 2.5 ML of NO2 (black line) and 2.5 ML 
of NO2 + 10 ML of H atoms (red line). 
 
Figure 5.2. Four RAIR spectra at 15 K of: (a) 3 ML of NO2; (b) NO2 co-deposited with H atoms with a 
ratio of ~1:10 and a H-atom flux of 1·1013 atoms cm−2 s−1; (c) a spectrum of pure H2O ice; and (d) pure 
NH2OH ice obtained by co-depositing NO molecules and H atoms with a ratio of 1:10 (see Congiu et al. 
2012b, Fedoseev et al. 2012). 
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Table 5.2. Assigned infrared features with their corresponding references. 
Frequency/cm-1 Species Mode Reference 
751 N2O4/NO2 ν12/ν2 Fateley et al. (1959) 
781 N2O3 ν4 Fateley et al. (1959) 
870 NH2OH ν6 Withnall & Andrews (1988), Yeo & Ford (1990) 
1041 O3 ν3 Brosset et al. (1993), Chaabouni et al. (2000), Bennet & 
Kaiser (2005) 
1117 H13COOH ν6 Milligan & Jacox (1971) 
1143 NH2OH ν5 Withnall & Andrews (1988), Yeo & Ford (1990) 
1167 N2O 2ν2 Dows (1957), Łapiński et al. (2001) 
1260 N2O4 ν11 Holland & Maier II (1983), Fateley et al. (1959) 
1290 N2O ν1 Jamieson et al. (2005), Dows (1957), Łapiński et al. (2001) 
1303 N2O3/NO2 ν3/ν1 Fateley et al. (1959) / Nour et al. (1983) 
1494 H2
13CO ν3 Milligan & Jacox (1971) / Wohar & Jagodzinski (1991) 
1571 HNO ν3 Jacox & Milligan (1973) 
1602 NH2OH ν3 Withnall & Andrews (1988), Yeo & Ford (1990) 
1615 NO2/N2O3 ν3/ν2 Fateley et al. (1959), Jamieson et al. (2005) / Fateley et al. 
(1959), Nour et al. (1983) 
1693 H2
13CO ν2 Milligan & Jacox (1971) / Wohar & Jagodzinski (1991) 
1712 H13COOH ν3 Milligan & Jacox (1971) 
1737 t-(NO)2/N2O4 ν1/ν9 Fateley et al. (1959) / Holland & Maier II (1983) 
1754 c-HO13CO ν2 Milligan & Jacox (1971) 
1766 c-(NO)2/N2O4 ν5/ν9 Fateley et al. (1959), Nour et al. (1984) / Holland & Maier II 
(1983) 
1786 t-HO13CO ν2 Milligan & Jacox (1971) 
1833-1848a N2O3 ν1 Fateley et al. (1959) 
1850 N2O3 ν1 Fateley et al. (1959) / Nour et al. (1983) 
1875 NO (monomer) ν1 Fateley et al. (1959), Nour et al. (1984), Holland & Maier II 
(1983) 
2039 13C18O ν1 Loeffler et al. (2005) 
2066 13C17O ν1 Loeffler et al. (2005) 
2096 13CO ν1 Ewing & Pimentel (1961) 
2139 CO ν1 Sandford et al. (1988a) 
2235 N2O ν3 Jamieson et al. (2005), Dows (1957), Łapiński et al. (2001) 
2280 13CO2 ν3 Berney & Eggers (1964) 
  aN2O3 peak position shifts in different environments (see Figs. 5.5 and 5.7).  
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5.3.1.1 NO2 + H in an apolar ice 
 
The NO2 + H reaction is studied in an apolar ice by co-depositing NO2, 
13CO, and H atoms 
onto a gold substrate at 15 K. The choice of an astrochemically relevant CO ice matrix 
allows for the study of different reactants formed through hydrogenation of the ice and, 
therefore, a better understanding of the full reaction scheme. Figure 5.3 shows the 
co-deposition spectrum of 13CO + H = 1:1.5 at 13.5 K (a) compared to the co-deposition of 
NO2 + 
13CO = 1:50 (b) and the co-deposition of NO2 + 
13CO + H = 1:50:10 (c), both at 15 
K. All these experiments have the same H-atom fluence (1.5·1016 atoms cm−2) as well as 
the same NO2 and 
13CO deposition rates (0.05 and 2.5 L min−1) when deposited together. 
Therefore, a comparison of these spectra gives a qualitative picture of the destruction of 
solid NO2 and allows for the identification of new species formed through the 
hydrogenation of the ice. In particular, spectrum (a) confirms the formation of 
formaldehyde after hydrogenation of 13CO ice (Hiraoka et al. 1994, Watanabe & Kouchi 
2002, Fuchs et al. 2009); spectrum (b) clearly shows all the carbon monoxide 
isotopologues, as well as the NO2 monomer, N2O3 and N2O4. The strong NO2 feature seen 
in spectrum (b) at 1612 cm−1 almost disappears in spectrum (c) where new featurs due to 
13CO2, HO
13CO, H13COOH, HNO, and NH2OH show up. The presence of HNO in the ice 
can be explained by the nature of the co-deposition experiments, where the continuous 
deposition of new molecules on the cold ice surface causes some of the formed HNO to get 
trapped in the ice matrix, where it is not further converted into NH2OH as shown in Congiu 
et al. (2012a), Congiu et al. (2012b), Fedoseev et al. (2012). The formation of species not 
previously detected during the hydrogenation of pure NO2 or pure CO indicates that the 
interaction of the two reaction pathways leads toward  higher degree of chemical 
complexity in the ice. The full reaction scheme leading to the formation of the 
aforementioned species is presented in the discussion section, while a list of spectral 
features and their assignments is shown in Table 5.2. 
Although NO2 is mixed in a 
13CO matrix (NO2 << 
13CO), the only hydrogenation 
products observed in spectrum (c) of Fig. 5.3 are du  to the hydrogenation of NO2: i.e., the 
hydrogenation products of solid 13CO (H2
13CO and 13CH3OH) are under the detection limit. 
HO13CO, 13CO2, and H
13COOH are all products of the reaction OH + 13CO as is discussed 
in Section 5.4. Thus, the reaction NO2 + H is more efficient than reaction 
13CO + H for the 
experimental settings studied here, and proceeds most likely barrierless or with a small 
barrier in the solid phase. 
 
 - 110 -
 
Figure 5.3. Top panel: three RAIR co-deposition spectra at 15 K of: (a) 13CO molecules and hydrogen 
atoms (HABS) with a ratio of 1:1.5 and a H-atom fluence of 1.5·1016 atoms cm−2; (b) NO2 and 
13CO with a 
ratio of 1:50; (c) NO2, 
13CO, and H atoms with a ratio of 1:50:10 and the same H-atom fluence as for 
spectrum (a). The insets show absorption features of solid 13CO2, H
13COOH, HNO, and NH2OH. The 
dotted spectrum shown in the insets is from the same experiment shown in spectrum (c) at higher H-atom 
fluence - i.e., twice the co-deposition time shown in spectrum (c). 
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Figure 5.4. Top panel: three RAIR co-deposition spectra at 15 K of: (a) NO2 and 
13CO molecules with a 
ratio of 1:50; (b) NO2, 
13CO, and hydrogen atoms (HABS) with a ratio of 1:25:2 and an H-atom fluence of 
0.2·1016 atoms cm−2 (low H-atom flux); (c) NO2, 
13CO, and hydrogen atoms (HABS) with a ratio of 
1:50:10 and an H-atom fluence of 1.5·1016 atoms cm−2 (high H-atom flux). The insets show absorption 
features of solid 13CO2, N2O3 (ONNO2), NO monomer, H
13COOH, and NH2OH. 
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5.3.1.2 H-atom flux dependence 
 
Figure 5.4 shows NO2:
13CO hydrogenation experiments for different H-atom fluxes: 
spectrum (a) is a co-deposition of NO2:
13CO = 1:50 at 15 K used for comparison with 
spectrum (b), that is the low H-atom flux co-depositi n experiment (NO2:
13CO:H = 1:25:2), 
and with spectrum (c), that is the high H-atom flux co-deposition experiment 
(NO2:
13CO:H=1:50:10). NO2 monomer, N2O4, and all the isotopologues of 
13CO are 
present in spectrum (a). Spectrum (b) shows that NO2 monomer is consumed by the low 
H-atom flux to form NO monomer, HNO, and 13CO2. At high H-atom fluences and for a 
high H-atom flux, the NO2 concentration is further reduced, most of the formed NO is 
converted into NH2OH, also the HO
13CO complex is above the detection limit as well as 
H13COOH, and the 13CO2 signal is further increased. The use of different H-atom fluxes in 
co-deposition experiments allows for the identification of the single steps of the reaction 
routes involved in the experiments as extensively discussed in Cuppen et al. (2011), and 
thus helps understanding the formation pathway of second generation molecules such as 
NH2OH. 
 
5.3.2 NO2 + O 
 
As for the hydrogenation of NO2, NO2 + O is studied in an apolar astrochemically relevant 
CO ice at 15 K. Figure 5.5 shows the co-deposition spectrum of 13CO+O = 50:0.1 with the 
O-atom beam arising from N2O plasma dissociation (O:N2O=0.1:1) (a), compared to the 
co-deposition of NO2 + 
13CO = 1:50 (b), and the co-deposition of NO2 + 
13CO + O = 
1:50:0.1 (c). All these experiments have the same O-atom fluence (1.5·1014 atoms cm−2) as 
well as the same NO2 and 
13CO deposition rates (0.05 and 2.5 L min−1). Since O atoms are 
produced in a N2O plasma in the MWAS, spectrum (a) of Fig. 5.5 shows features due to 
N2O, in addition to all the isotopologues of 
13CO, and the newly formed O3 and 
13CO2. 
Spectrum (b) of Fig. 5.5 is very similar to spectrum (b) in Fig. 5.5 showing features from 
the 13CO isotopologues, NO2 monomer, N2O3, and N2O4. A comparison between spectrum 
(b) and (c) reveals that NO2 is destroyed during O-atom bombardment, while NO monomer 
and N2O3 are formed in this process (see Table 5.2). 
A comparison between spectra (a) and (c) of Fig. 5.5 shows that less O3 (and 
13CO2) is 
formed when NO2 is present in the ice. Since the formation of ozone through the 
oxygenation of molecular oxygen is efficient, reaction NO2 + O has to be also fast 
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Figure 5.5. Top panel: three RAIR co-deposition spectra at 15 K of: (a) 13CO molecules and oxygen 
atoms (MWAS) with a ratio of 50:01 and an O-atom fluence of 1.5·1014 atoms cm−2; (b) NO2 and 
13CO 
with a ratio of 1:50; (c) NO2, 
13CO, and O atoms with a ratio of 1:50:0.1 and the same O-atom fluence as 
for spectrum (a). The insets show absorption featurs of solid 13CO2, N2O3 (ONNO2), NO monomer, and 
O3. 
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5.3.3 NO2 + N 
 
Figure 5.6 shows the TPD curves of N2O (mass 44, left panel), and NO2 (mass 46, right 
panel) for three different sequential deposition experiments: 10 ML of N atoms (green line), 
1 ML of NO2 (black line), and 1 ML of NO2 + 10 ML of N atoms (red line). A graphite 
substrate held at 60 K is used as a substrate. Figure 5.6 shows the destruction of NO2 and 
the formation of N2O upon N-atom exposure of the ice. The NO2 desorption peak is 
slightly attenuated while the N2O peak shows up between 70 and 80 K when N2O is 
exposed to N atoms, confirming that new species are formed in the ice upon N-atom 
exposure. 
Here, NO2 + N is also studied in an apolar astrochemically reevant CO ice at 15 K. 
Figure 5.7 shows the spectrum of a 13CO + N = 50:0.1 with the N-atom beam generated 
from N2 plasma dissociation (N:N2 = 0.1:25) (a) compared to the co-deposition of NO2 + 
13CO + N2 = 1:50:10 (b), and the co-deposition of NO2 + 
13CO + N = 1:50:0.1 (c). All these 
experiments have the same N-atom fluence (1.2·1014 atoms cm−2) as well as the same NO2 
and 13CO deposition rates (0.05 and 2.5 L min−1). Spectrum (b) of Fig. 5.7 is very similar to 
the spectra (b) from Figs. 5.3 and 5.5 showing featur s from the 13CO isotopologues, NO2 
monomer, N2O3, and N2O4. A comparison between spectrum (b) and (c) reveals th t NO2 is 
destroyed during N-atom bombardment, while N2O, the NO monomer, and N2O3 are 
formed (see Table 5.2). 
In the next section, a comparison between the effici ncy of NO2 + N and NO2 + O is 
discussed. Since the H-atom flux is order of magnitudes higher than the O- and N-atom 
fluxes (as in space), such a comparison cannot be easily made for the hydrogenation 
experiments. 
 
Figure 5.6. TPD curves of N2O (left panel) and NO2 (right panel) for three different experiments at 60 K: 
10 ML of N atoms (green line), 1 ML of NO2 (black line), and 1 ML of NO2 + 10 ML of N atoms (red 
line). 
 - 115 -
 
Figure 5.7. Top panel: three RAIR co-deposition spectra at 15 K of: (a) 13CO molecules and nitrogen 
atoms (MWAS) with a ratio of 50:0.1 and an N-atom fluence of 1·1014 atoms cm−2; (b) NO2 and 
13CO with 
a ratio of 1:50; (c) NO2, 
13CO, and N atoms with a ratio of 1:50:0.1 and the same N-atom fluence as for 
spectrum (a). The insets show absorption features of solid N2O, N2O3 (ONNO2), and NO monomer. 
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5.4. Discussion 
 
In Part I, we discussed the surface destruction of NO by means of surface reactions with 
hydrogen atoms, oxygen allotropes (O/O2/ 3), and nitrogen atoms. The formation pathway 
to solid NO2 through the oxygenation of NO was thoroughly discus ed and several reaction 
routes were presented (see Fig. 9 in Part I). As previously mentioned, the focus of Part II is 
the investigation of surface reactions involving solid NO2 at low temperatures. Here, all the 
experiments presented in Section 5.3 show the destruction of NO2 and the formation of 
new species such as NO, HNO, N2O, ONNO2, NH2OH, and H2O. Since NO is also one of 
the reaction products, offering a renewed starting point, all the reactions discussed in Part I 
should also be considered in the full reaction scheme presented here.  
The hydrogenation of NO2 follows: 
 
NO2 + H → NO + OH.            (5.1) 
 
Reaction (5.1) is found to have a small barrier in the gas phase (<50 K, see Su et al. 2002). 
Our results show that reaction (5.1) is efficient ad leads to the formation of two reactants 
that act as parentz species of more complex molecules observed in our experiments: 
  
NO H→ HNO H→ NH2O 
H
→ NH2OH,        (5.2) 
OH + H → H2O,            (5.3) 
OH + H2 → H2O + H.           (5.4) 
 
Congiu et al. (2012a, 2012b) and Fedoseev t al. (2012) studied reaction (5.2) under 
different laboratory conditions and found that the formation of NH2OH proceeds barrierless. 
Water formation has been extensively studied in the solid phase over the past decade 
(Miyauchi et al. 2008, Ioppolo et al. 2008, Matar et al. 2008, Mokrane et al. 2009, Ioppolo 
et al. 2010, Cuppen et al. 2010, Dilieu et al. 2010, Romanzin et al. 2011, Oba et al. 2012). 
Figures 5.1 and 5.2 show that NH2OH and H2O are the final products of the hydrogenation 
of NO2. Furthermore, if NO2 is mixed in a 
13CO matrix, NH2OH is still the final reaction 
product at high H-atom fluences. However, the formation of water ice is in competition 
with other reaction routes leading to the formation of carbon dioxide and formic acid 
(Ioppolo et al. 2011a, Ioppolo et al. 2011b): 
 
 OH + 13CO → HO13CO → 13CO2 + H,        (5.5) 
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       H2O + 
13CO 
HO13CO + H →   13CO2 + H2         (5.6) 
      H13COOH, 
 
with a purely statistical branching ratio (Ioppolo et al. 2011a). Figure 5.3 shows the 
formation of NH2OH, HO
13CO, 13CO2, and H
13COOH, while the formation of water ice is 
under the detection limit. 
OH radicals can also react with NO or NO2 to form nitrous acid or nitric acid, 
respectively: 
 
NO + OH → HNO2,           (5.7) 
NO2 + OH → HNO3.           (5.8) 
 
Although our laboratory conditions are not suited to investigate these specific reactions (H 
atoms >> OH radicals), HNO2 and HNO2 are potentially formed in the ice. However, 
spectral features from HNO2 and HNO3 either overlap with the spectral bands of other 
molecules or are under the detection limit. Therefore, these species cannot be 
unambiguously identified in the ice. Joshi et al. (2012) investigated in the laboratory the 
reaction NO + OH. In a future laboratory study we will focus on the formation of 
nitrogen-bearing acids in space, i.e., through the surface reactions (5.7) and (5.8). 
Other reactions that lead to the formation of nitrogen oxides are: 
  
NO + NO → (NO)2,           (5.9) 
NO + NO2 → N2O3,            (5.10) 
NO2 + NO2 → N2O4, i.e. (NO2)2.         (5.11) 
 
These reactions are all discussed in Part I and are found to be barrierless in the solid phase. The 
choice to embed NO2 in a 
13CO matrix reduces the probability for reactions (5.9) - (5.11) to 
occur and, therefore, enables a better investigation of reactions (5.1) - (5.6) under more 
interstellar relevant conditions. 
The hydrogenation of carbon monoxide is also visible n Fig. 5.3 (Hiraoka et al. 1994, 
Watanabe & Kouchi 2002, Fuchs et al. 2009): 
 
13CO H→ H13CO H→ H2
13CO H→ H3
13CO H→ 13CH3OH.     (5.12) 
 
Methanol is under the detection limit in all our co-deposition experiments because the used 
13CO:H ratio leads to a low coverage of H atoms on the ice surface. This combined with a 
low penetration depth of H atoms into carbon monoxide, results in an incomplete 
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hydrogenation of 13CO ice. H2
13CO is only clearly detected when NO2 in not present in the 
mixture. Thus, reactions (5.1) and (5.12) are in competition when NO2 and 
13CO are 
co-deposited with H atoms, and reaction (5.1) is more efficient than reaction (5.12). 
The oxygenation of NO2 leads to the destruction of NO2 and the formation of NO and 
O2: 
  
 NO2 + O → NO + O2.           (5.13) 
 
This reaction is barrierless in the gas phase (Atkinson et al. 2004). Subsequently, N2O3 is 
formed through reaction (5.10), while NO can also react with the oxygen allotropes to form 
NO2, as shown in Part I: 
 
 NO + O → NO2,            (5.14) 
 2NO + O2 → 2NO2,            (5.15) 
 NO + O3 → NO2 + O2.           (5.16) 
 
O2 is formed in the plasma beam, through reactions (5.13) and (5.16), while O2 originates 
from: 
 
 O2 + O → O3.             (5.17) 
 
CO2 is also formed through the reaction (see Fig. 5.5): 
 
 13CO + O → 13CO2.            (5.18) 
 
Reactions (5.5) and (5.18) have been recently investigated and compared under the same 
laboratory conditions in Ioppolo et al. (2013). 
 N2O is the final product of the nitrogenation of NO2: 
 
 NO2 + N → N2O + O.           (5.19) 
 
Reactions N2O+H/O/N have barriers and do not lead to the formation of other 
detectable species (Ioppolo et al. 2013). Oxygen atoms can react with NO2 to form NO and 
O2 according to reaction (5.13). O atoms can also react with NO to form NO2 through 
reaction (5.14) or with an N atom to form NO, although the latter reaction has not been 
unambiguously tested in the laboratory yet. N2O3 is formed through reaction (5.10). As 
discussed in Part I, the nitrogenation of NO leads to the formation of: 
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 NO + N → N2 + O            (5.20) 
 
Reactions 5.19 and 5.20 are found to be both barrierless in the gas-phase (Wennberg t al. 
1994). However, Figure 5.6 shows that the nitrogenatio  of NO2 is not an efficient process. 
This discrepancy can be explained by the dimerization of NO2 that occurs when pure NO2 
is deposited in the solid phase. The dimerization process is barrierless, thus Figure 5.6 only 
shows that reaction (NO2)2 + N is not efficient in the solid phase. Figure 5.8 shows the NO2 
use-up during co-deposition of NO2:
13CO:H (top panel), NO2:
13CO:O (bottom panel), and 
NO2:
13CO:N (bottom panel) versus the atom fluence. The NO2 use-up is calculated by 
subtracting the NO2 abundance from the NO2:
13CO experiments to the NO2 abundance of 
the NO2:
13CO:H/O/N experiments, respectively (see Figs. 5.3, 5 and 5.7). Although as 
already mentioned, the efficiency of the hydrogenatio  reactions cannot be compared 
directly to that of the oxygenation and nitrogenation reactions because the H-atom flux is 
orders of magnitude higher than the other atom fluxes, we can still draw conclusions on the 
(relative) efficiency of each surface reaction. In the results section we showed that 
reaction (5.1) is efficient and most likely barrierless. The linear trend of the NO2 
consumption in the hydrogenation experiments is consistent with reaction (5.1) being 
barrierless (top panel in Fig. 5.8). Moreover, since the O- and N-atom fluxes are similar 
(1·1011 atoms cm-2 s-1 and 8·1010 atoms cm-2 s-1, respectively) and the NO2 deposition rates 
are reproducible within ~20%, a comparison between th  NO2 use up in the oxygenation 
and nitrogenation experiments can be made and indicates that reaction (5.13) is slightly 
faster and, therefore, more efficient than reaction (5.19) (bottom panel in Fig. 5.8).  
In our experiments, O atoms come from the dissociati n of N2O, while N atoms are 
made by dissociating N2. N2O and N2 stick to the cold surface at 15 K during co-depositi n 
and, therefore, become part of the ice mixture. Moreover, the dissociation rate for the two 
atom beams is different (O:N2O = 0.1:1 and N:N2 = 0.1:25). This means that, even though 
N2O and N2 are not participating in the surface reactions, their presence in different 
amounts can affect the surface coverage of NO2 and the penetration depth of O and N 
atoms in the ice. Thus, although our results clearly indicate that the surface reaction 
efficiency follows the trend NO2 + H > NO2 + O ≥ NO2 + N, the presence of N2O and N2 in 
the ice can partially influence the comparison of the NO2 use up shown in Fig. 5.8.  
A schematic cartoon of all the investigated reaction r utes is shown in Figure 5.9. 
Table 5.3 lists the main surface reactions discussed in Parts I and II and divides them in 
different groups: from barrierless reactions to reactions with a high barrier that do not allow 
for the reaction to proceed in the solid phase at low temperatures. Given the overall 
complexity of the full reaction scheme, additional reaction products are expected to form as 
well, but for the experimental settings studied here, these clearly must be of less 
importance, as no clear spectroscopic or mass spectrometric data are found. 
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Figure 5.8. Top panel: NO2 use up during co-deposition of NO2:
13CO:H versus the H-atom fluence 
(half-full squares). The NO2 abundance during deposition of pure NO2 (empty squares) and NO2 + H (full 
squares) is also plotted in the same panel. Bottom panel: NO2 use up during co-deposition of NO2:
13CO:O 
(half-full diamonds) and NO2:
13CO:N (half-full circles) versus the atom fluence. As for the top panel, here 
the full diamonds and circles represent the NO2 abundance during NO2 + O and NO2 + N experiments, 
respectively. The empty diamonds and circles represnt the NO2 abundance during deposition of pure NO2 
in the NO2 + O and NO2 + N experiments, respectively. 
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5.5 Astrophysical implications 
 
Sub-millimeter and millimeter wavelength observations of "hot cores" - i.e., compact (few 
tens of AUs) regions of dense and warm gas where the chemistry is dominated by the 
evaporation of grain mantles - reveal a range of interstellar complex organic molecules, 
such as CH3OH, HCOOH, HCOOCH3, and NH2CH2CN (Herbst & van Dishoeck 2009, 
Belloche et al. 2008). The exact origin of these species is still unclear, but recent models 
indicate that surface reaction mechanisms are most likely the main formation channel 
(Garrod 2013). Garrod (2013) showed that the gas-phe formation of glycine 
(NH2CH2COOH) in hot cores depends on the timescale of the hot-core evolution and the 
availability of precursor species in the gas phase. Th refore, glycine is found to form in his 
model almost exclusively on grain ice mantles.  
A potential precursor of amino acids is hydroxylamine (NH2OH). Congiu et al. 
(2012a), Congiu et al. (2012b) and Fedoseev et al. (2012) showed that hydroxylamine is 
efficiently formed in the solid phase under dense core conditions through reaction (5.2). 
Pulliam et al. (2012), using the NRAO 12 m telescope, could not detect NH2OH toward a 
range of interstellar sources and found an upper limit of 8·10−12 wrt H2 toward SgrB2(N). 
Due to their high desorption temperatures, rotationl emission from molecules like 
hydroxylamine and glycine (still not unambiguously detected in the ISM) is expected for 
compact regions only. However, emissions from regions smaller than ~5" are not 
detectable with single-dish telescopes. This may explain the non-detection of these species 
and indicates that molecules like hydroxylamine canbe potentially detected by ALMA at 
sub-arcsecond resolution toward bright, nearby sources with relatively narrow emission 
lines. 
Understanding the origin of COMs is pivotal to link the formation of simple species in 
space to life on Earth. In Parts I and II of this work, we focus on the laboratory 
investigation of the surface formation of nitrogen oxides and more complex species like 
hydroxylamine. In the discussion section, we showed many reaction routes that proceed 
under cold cloud conditions and start from NO + H/O/O2/O3/N and NO2 + H/O/N.  
In this scenario, NO can freeze-out onto the icy grains during the dense cloud phase 
(Blake et al. 1986, Pineau des Forets et al. 1990). NO ice can be hydrogenated in a 
barrierless way to form solid hydroxylamine (Congiu et al. 2012a, Congiu et al. 2012b, 
Fedoseev et al. 2012). The NO that reacts with the oxygen allotropes in the solid phase will 
form efficiently NO2. The nitrogenation of NO will lead to the destruction of NO and the 
formation of N2. A feasible reason for the non-detection of NO2 in the ISM is a very 
efficient solid-phase destruction pathway (i.e., photodissociation and/or non-energetic 
surface reactions). We showed that NO2 can be hydrogenated in a barrierless way to form 
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NO and OH. These two reactants contribute in more realistic interstellar ice to form species 
like NH2OH, H2O, CO2, and HCOOH, as shown in this work. The oxygenation of NO2 
forms again NO and O atoms, while the nitrogenation of NO2 forms also N2O, another 
interstellar relevant species detected in the ISM (Ziurys et al. 1994). Thus, many of the 
investigated surface reaction routes lead to the formation of NO molecules and therefore 
NH2OH. This result is in support of the formation of cmplex species in the solid phase 
and is in agreement with the most recent astrochemical models (Garrod 2013). Other 
nitrogen oxides, like N2O3 and N2O4, can be formed through the reaction of NO and NO2, 
and the reaction of two NO2 molecules, respectively. However, reactions (5.10) and (5.11) 
are potentially still limited by the interstellar low abundance of the parent species. Finally, 
nitrogen-bearing acids, like nitrous acid and nitric acid, can be formed through surface 
reactions (5.7) and (5.8). Although the formation of these acids was not verified here, their 
interstellar relevance should not be excluded. 
We expect that future astrochemical models will benefit from the implementation of 
the efficiency of the single surface reactions investigated here and shown in Table 5.3. 
Moreover, the results found here indicate that it is worth to keep searching for NH2OH in 
the ISM, whereas a NO2 detection is not expected at this stage. 
 
Figure 5.9. Reaction scheme leading to the formation of nitrogen oxides as investigated in Parts I and II of 
this work. Solid lines are the reaction with no barrier; dashed lines are the reactions with a small barrier; 
and dashed-dotted lines are the reaction with a noticeable barrier (see also Table 5.3). 
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Table 5.3. Efficiency of the main surface reactions discussed in Parts I and II. 
 No barrier Small barrier Barrier No reaction 
 NO + H NO + O2 CO + H NO + H2 
NO + O NO + O3 H2CO + H NO + N2 
NO + N  OH + H2 NO2 + H2 
NO + NO  (NO)2 + O2 NO2 + O2 
NO + NO2  (NO2)2 + N NO2 + N2 
NO2 + H   N2O + H 
NO2 + O   N2O + O 
NO2 + N
a   N2O + N 
NO2 + NO2    
OH + H    




The surface formation and destruction of nitrogen oxides is tested under ultra high vacuum 
conditions, at low temperatures, and by means of RAIR spectroscopy, mass spectrometry, 
and TPD techniques. From this study we draw the following conclusions: 
1. NO2 is efficiently formed in the solid state via NO+O/O2 O3 reactions (Part I).  
2. The non-detection of (gaseous) NO2 in space can be related to efficient destruction 
mechanisms, such as surface NO2 + H/O/N reactions (Part II).  
3. The final products of NO2 hydrogenation are NH2OH and H2O. Hydroxylamine is 
found to be formed through a series of barrierless surface reactions as previously 
shown by (Congiu et al. 2012a), Congiu et al. (2012b), Fedoseev et al. (2012). Both 
water and hydroxylamine are important molecules for the formation of COMs in 
space (Part II).  
4. N2O is formed through the nitrogenation of NO2 and is not destroyed in reactions 
with H-, O-, and N-atoms (Part II).  
5. Several nitrogen oxides, such as (NO)2, N2O3, and N2O4, are formed through surface 
NO + H/O/O2/O3/N and NO2 + H/O/N reactions due to high concentration of parent 
species (Parts I and II).  
6. Surface coverage (submonolayer and multilayer regim s) have a small but noticeable 
impact on the final products. For instance, dimerization reactions are most likely to 
occur in a multilayer regime rather than in submonolayer thick ices (Parts I and II).  
7. Different substrates (silicate, graphite, compact ASW ice, and gold) and ice 
composition (pure ices, polar and apolar mixtures) do not affect the results in a 
detectable way (Parts I and II).  
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8. Table 5.3 lists the efficiency of all the investiga ed reaction routes (see Fig. 5.9) and 
therefore can be used as an input in astrochemical odels to better understand the 
formation and evolution of nitrogen oxides in space (Parts I and II).  
9. We expect ALMA to be ideally suited to detect species like hydroxylamine at 
sub-arcsecond resolution toward bright, nearby sources with relative narrow 
emission lines. 
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VI 
Low Temperature Surface Formation of NH3 
and HNCO: Hydrogenation of Nitrogen Atoms in 
CO-rich Interstellar Ice Analogues 
 
 
Solid state astrochemical reaction pathways have the potential to link the formation of 
small nitrogen-bearing species, like NH3 and HNCO, and prebiotic molecules, specifically 
amino acids. To date, the chemical origin of such small nitrogen containing species is still 
not well understood, despite the fact that ammonia is an abundant constituent of interstellar 
ices toward young stellar objects and quiescent molecular clouds. This is mainly because of 
the lack of dedicated laboratory studies. The aim of the present work is to experimentally 
investigate the formation routes of NH3 and HNCO through non-energetic surface reactions 
in interstellar ice analogues under fully controlled laboratory conditions and at 
astrochemically relevant temperatures. This study focuses on the formation of NH3 and 
HNCO in CO-rich (non-polar) interstellar ices that simulate the CO freeze-out stage in dark 
interstellar cloud regions, well before thermal and energetic processing start to become 
relevant. We demonstrate and discuss the surface formation of solid HNCO through the 
interaction of CO molecules with NH radicals - one of the intermediates in the formation of 
solid NH3 upon sequential hydrogenation of N atoms. The importance of HNCO for 
astrobiology is discussed. 
 
 
G. Fedoseev, S. Ioppolo, D. Zhao, T. Lamberts and H. Linnartz, 2014, MNRAS, in press, article doi: 10.1093/mnras/stu2028
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6.1 Introduction 
 
The detection of glycine, the simplest amino acid, in cometary samples recently returned to 
Earth by the STARDUST mission has boosted detailed investigations of the origin and fate 
of (pre)biotic molecules in the interstellar medium (ISM) (Elsila et al. 2009, Garrod 2013). 
However, although an increasing number of laboratory and theoretical studies show that 
complex species form in the solid phase, on the surface of icy grains, we still lack 
understanding of the complete surface formation pathw ys at play. The nitrogen chemistry 
of the ISM is particularly important within this context, because of its potential to reveal 
the formation routes of the simplest amino acids or their possible precursors. From the 
~180 species unambiguously identified in the ISM, about one third contains nitrogen atoms, 
but only NH3, XCN, and possibly NH4
+ are identified as constituents of interstellar ices. 
Solid NH3 is generally found with a typical abundance of 5% with respect to water ice 
toward low- and high-mass young stellar objects (YSOs) (Gibb et al. 2004, Bottinelli et al. 
2010, Öberg et al. 2011). Solid isocyanic acid (HNCO) has not been identified in the solid 
phase yet, but its direct derivative, the cyanate ion (OCN-), has been found in interstellar 
ices with abundances between 0.3-0.6% with respect to water ice. The assignment of solid 
OCN- is often attributed to either the entire, so called, XCN band or to a single component 
(2165 cm−1) of the full band (van Broekhuizen et al. 2005). More recently, Öberg et al. 
(2011) found a correlation between CO and the XCN band that supports the identification 
of the latter as OCN-. Another possible N-bearing component of interstellar ices is NH4
+. 
Although the unambiguous assignment of NH4
+ is still under debate (Gálvez t al. 2010), it 
can potentially be one of the carriers of the 5-8 µm bands, and its presence in interstellar 
ices is consistent with previously obtained laboratry results (Boogert et al. 2008). The 
existence of interstellar solid NH4
+ is indeed constrained by the hypothesis that NH4
+ helps 
to maintain charge balance between positive and negativ  ions within interstellar ices. 
Öberg et al. (2011) assigned NH4
+ abundances of 2.3 and 4.3% with respect to water ice 
toward low- and high-mass protostars, respectively. The formation of OCN- and NH4
+ is 
commonly associated with a later stage of molecular c oud evolution, when thermal 
processing of the ice by a newly formed protostar becomes important. NH3 and HNCO are 
commonly considered the precursors of NH4
+ and OCN- (Demyk et al. 1998), and therefore 
are expected to be formed in an earlier evolutionary stage of dark clouds, when 
temperatures are as low as 10-20 K and the formation routes through non-energetic atom 
and radical addition surface reactions dominate. 
To date, laboratory experiments on the non-energetic surface formation routes of 
nitrogen-containing species have mainly focused on the formation of ammonia (NH3), 
hydroxylamine (NH2OH), and various nitrogen oxides (NO, NO2, N2O) (Hiraoka et al. 
1995, Hidaka et al. 2011, Congiu et al. 2012a and 2012b, Fedoseev et al. 2012, Minissale 
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et al. 2014, Ioppolo et al. 2014). The present work extends previous studies on the 
solid-state formation of ammonia to non-polar (CO-rich) ices, and, at the same time, 
discusses the link between the surface formation of HNCO. In the accompanying paper 
(Fedoseev et al. 2014), we investigate the deuterium enrichment of all the ammonia 
isotopologues as produced through the competition between hydrogenation and deuteration 
of nitrogen atoms. These results are not further discussed in the present paper. 
It is commonly believed that in addition to the depletion from the gas phase, where 
NH3 is produced through a series of ion-molecular reactions (e.g., Herbst & Klemperer 
1973 and Scott et al. 1997), ammonia formation proceeds through the sequential addition 
of three H atoms to a single nitrogen atom on the surface of ice dust grains:  
 
N + H → NH,             (6.1) 
NH + H → NH2,            (6.2) 
NH2 + H → NH3.            (6.3) 
 
Reactions (6.1)-(6.3) were first tested at cryogenic temperatures by Hiraoka et al. (1995), 
who performed a temperature programmed desorption experiment upon hydrogenation of 
N atoms trapped in a matrix of solid N2. Recently, Hidaka et al. (2011) confirmed the 
formation of ammonia in a solid N2 matrix at low temperatures. Their laboratory detection 
of NH3 was made after annealing the ice to 40 K in order to desorb the N2 matrix. So far, 
studies of N-atom hydrogenation in more realistic and stronomically relevant H2O- and 
CO-rich ice analogues have not been reported. Under such conditions, the intermediate free 
radicals, NH and NH2, can potentially react with other molecules or free adicals to form 
new and more complex species, such as HNCO: 
 
NH + CO → HNCO,           (6.4) 
NH2 + CO → HNCO + H.          (6.5) 
 
Reaction (6.4) is exothermic. The reactivity of CO with NH has been investigated in a 
combined experimental and quantum chemical study by Himmel et al. (2002) via 
photo-induced dissociation of HN3 in a 12 K Ar matrix. In their work, matrix experiments 
indicated that NH(3Σ) reacts with CO under laboratory conditions to form HNCO(1A’). An 
activation barrier of ~4200 K was derived by means of CCSD(T), CASSCF, and MP2 
calculations carried-out to evaluate geometries and energies at the transition state for this 
spin-forbidden reaction. Although the value of this barrier could be considered quite high 
(e.g., the activation barrier for CO + H coulf be as low as as 1800 K; Woon 2002), 
experiments and simulations yield consistent data when taking into account experimental 
and computational inaccuracies. Reaction (6.4) has often been proposed in spectroscopic 
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studies to explain the formation of HNCO in mixed interstellar ice analogues processed by 
proton or UV radiation (e.g., Raunier et al. 2003, van Broekhuizen et al. 2004 and 
references therein). However, to the best of our knowledge, there are no studies available 
from literature on the investigation of reaction (6.4) with non-energetic input. Reaction (6.5) 
is endothermic (4800 K) and therefore is unlikely to occur under cold dense molecular 
cloud conditions (Nguyen et al. 1996).  
Once formed in the ice, NH3 and HNCO may react through 
 
HNCO + NH3 → NH4
+ NCO-,         (6.6) 
HNCO + H2O → H3O
+ NCO-,         (6.7) 
 
(see Raunier et al. 2003 and Theule t al. 2011, respectively) to form OCN- and NH4
+ 
during a later stage of the molecular cloud evolutin. Theule et al 2011 found an activation 
energy barrier for reaction (6.7) of 3127 K, and concluded that it is too high to make this 
reaction important for the conditions and timescales typical for young stellar objects. In a 
follow-up study, Mispelaer et al. (2012) determined a barrier of 48 K for reaction (6.6), 
indicating the latter pathway as the most promising o e to form OCN- and NH4
+. As stated 
before, OCN- has been observed, and NH4
+ may have been identified in the solid state, but 
the focus in our work is to simulate dense molecular cloud conditions, well before thermal 
and energetic processing of ices become important. The goal of the present study is to 
experimentally verify the formation of NH3 through reactions (6.1)-(6.3), as well as the 
formation of HNCO through reaction (6.4) in an astrochemically representative ice and for 
astronomically relevant temperatures. 
 
6.2 Experimental procedure 
 
6.2.1 Experimental setup 
 
All experiments are performed in an ultrahigh vacuum (UHV) setup (SURFRESIDE2), 
constructed to investigate solid-state atom addition reactions at cryogenic temperatures. 
The system has been extensively described in Ioppol et al. (2013), and therefore only a 
brief description is given here. SURFRESIDE2 consists of three UHV chambers with a 
room-temperature base-pressure in the range of 10-9-10-10 mbar. A rotatable gold-coated 
copper substrate is placed in the centre of the main chamber, where gases are introduced 
and deposited with monolayer precision onto the substrate surface through two metal 
deposition lines. A monolayer (ML) corresponds to about 1015 molecules cm-2. The 
substrate temperature is varied between 13 and 300 K using a He closed-cycle cryostat with 
an absolute temperature accuracy better than ~2 K. Both of the two other UHV chambers 
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contain an atom beam line and are connected to the main chamber with angles of 45° and 
135° with respect to the substrate (see Figs. 1, 3,and 4 in Ioppolo et al. 2013). In one atom 
line a commercially available thermal cracking source (Dr. Eberl MBE-Komponenten 
GmbH, see Tschersich 2000) is used to generate H/D atoms. In the other atom line a 
microwave plasma atom source (Oxford Scientific Ltd, see Anton et al. 2000) can be used 
to generate H/D/N/O atoms or radicals, such as OH. A custom made nose-shape 
quartz-pipe is placed in between each atom source and the substrate. These pipes are 
designed in a way that products formed upon thermal cracking (e.g., H from H2) or plasma 
dissociation (e.g., N from N2) experience at least four collisions with the pipe walls before 
reaching the substrate. This is done to quench electroni ally or ro-vibrationally excited 
states before impacting on the ice. A considerable fraction of non-dissociated molecules 
(e.g., H2/D2 and N2) are present in the beam. The method to derive atom flux values is 
described in Ioppolo et al. (2013). We want to stress that the N-atom flux is an effective 
flux, estimated by measuring the amount of products of a series of barrierless reactions 
involving N atoms in the solid phase. The H-atom flux used here is an absolute flux. In this 
case, the amount of H atoms present in the beam is directly measured by the QMS in the 
gas phase. The latter measurement does not take into account that not every H atom will 
stick to the surface of the substrate and therefore will be unavailable for further reactions, 
and it also neglects H-atom recombination on the ice surface. The absolute H-atom flux, 
therefore, is an upper limit for the effective H-atom flux. 
Metal shutters separate the atom beam lines from the main chamber. The atom beam 
sources as well as the molecular dosing lines in the main chamber can be operated 
independently. This versatile design allows for the s quential (pre-deposition) or 
simultaneous (co-deposition) exposure of selected interstellar ice analogues to different 
atoms (e.g., H/D/O/N). In the present study, co-deposition experiments are largely used. 
The ice composition is monitored in situ by means of reflection absorption infrared 
spectroscopy (RAIRS) in the range between 4000-700 cm-1 and with a spectral resolution 
of 1 cm-1 using a Fourier transform infrared (FTIR) spectrometer. The main chamber 
gas-phase composition is monitored by a quadrupole mass spectrometer (QMS), which is 
placed behind the rotatable substrate, and is mainly used during temperature programmed 
desorption (TPD) experiments. Here, RAIRS is used as the main diagnostic tool, 
complemented with TPD data to constrain the experimental results. Although QMS 
provides us with a better sensitivity, preference is given to the RAIRS due to the in-situ 
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6.2.2 Performed experiments 
 
The formation of solid NH3 and HNCO is studied for a selected set of well defined 
experimental conditions. Firstly, all the used gases (CO, H2/D2, and N2) are prepared in 
distinct pre-pumped (< 10-5 mbar) dosing lines. Pure H2/D2 gas (Praxair 5.0/Praxair 2.8) is 
introduced into the tungsten capillary pipe of the rmal cracking source. Pure N2 gas 
(Praxair 5.0) is dissociated in the plasma chamber of the microwave plasma source. A 
simultaneous co-deposition of H/D and N atoms with CO gas (Linde 2.0) is performed on 
the surface of the bare gold substrate, typically at 13 K. RAIR difference spectra are 
acquired every 5 minutes with respect to the spectrum of the bare gold substrate. For the 
crucial experiments, once the co-deposition is completed, a new spectrum is taken and used 
as background reference. Two additional control experiments are then performed on top of 
the previously grown ice. The first one is a co-deposition of CO molecules with H/D (i.e., 
without N) atoms and the second one is a co-deposition of CO molecules with N (i.e., 
without H/D) atoms. These two experiments are performed under exactly the same 
experimental conditions used for the very first co-deposition experiment in order to allow a 
direct comparison. This procedure guarantees that the production of NH3 and HNCO is the 
cumulative outcome of a low temperature co-deposition of H/D, N, and CO, ruling-out 
other possible formation pathways due to contaminatio s in the atom lines or in the main 
chamber. Co-deposition experiments of H/D + N + CO are repeated a second time and a 
TPD experiment is performed right afterward to monit r desorption of the formed species 
by means of the QMS. 
A complementary set of control experiments is used to further verify the HNCO 
formation under astronomically relevant conditions. In this case, pure NH3 vapour is 
introduced into the microwave plasma source, and the plasma dissociation products (i.e., 
NH and NH2 radicals together with NH3, H, N, H2 and N2) are co-deposited with CO 
molecules. During this co-deposition experiment, RAI  difference spectra are acquired 
every 5 minutes with respect to a spectrum of the bar  gold substrate. After completion of 
the co-deposition, a TPD experiment is performed an desorbing species are monitored by 
means of the QMS. The presence of NH and NH2 radicals in the beam is verified by 
performing a co-deposition of NH3 plasma dissociation products with D atoms and 
observing the N-D stretching mode in the mid-IR. For clarity, in Table 6.1 only the relevant 
experiments performed in this study are listed. 
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Table 6.1. List of the performed experiments. 
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    CO D (from D2) N (from N2)     
1.6 N:D:N2:CO 1:20:100:100 13 0.5 0.1 0.005 60 - Y N 























Verification of HNCO formation through hydrogenation of N atoms in CO-rich ice analogues 


























































































































Isotope shift experiments confirming the formation of HN13CO, H15N13CO and D15NCO 

























    13CO H (from H2)
 15N (from 15N2)     
4.3 15N:H:15N2:
13CO 1:2:100:100 13 0.5 0.01 0.005 90 QMS2K/5K Y/N Y 
    13CO D (from D2)
 15N (from 15N2)     
4.4 15N:D:15N2:CO 1:2:100:100 13 0.5 0.01 0.005 90 QMS
2K/5K Y/N Y/N 
Formation of HNCO further constrained via interaction of CO with NH3 plasma dissociation products 
    CO  NH3




































    13CO  NH3
(dissociated)     
5.4 13CO:NH3
(dissociated) nn 13 0.5 - n 90 QMS2K/5K - Y 
Confirmation of the presence of NH3 plasma dissociation products in the beam 
     D (from D2) NH3




































Experiments are performed in co-deposition under different laboratory conditions; different co-deposition ratios are given; Ref. N is the reference number; 
Tsample is the substrate temperature during co-deposition; Rdep is the deposition rate of a selected molecule expressed in ML min
-1 under the assumption that 1 L 
(Langmuir) exposure leads to the surface coverage of 1 ML; Atom-fluxTL  is the thermal cracking source atom flux; Atom-fluxPL is the MW plasma source 
atom flux; absolute uncertainties of H/D- and N- fluxes are 50 and 40%, respectively; t is the time of co-deposition; TPD is the temperature programmed 
desorption experiment performed afterward with the TPD rate indicated; Detection of NH3 is the detection of ammonia either by RAIRS or QMS at the end of 
co-deposition; Detection of HNCO is the detection of isocyanic acid at the end of co-deposition; n – the exact NH3 plasma beam composition is not determined, 
nn – since the exact NH3 plasma beam composition is unknown the co-deposition ratio is n t listed.  
aTwo numbers are given for the TPD rate: the first number is the TPD rate that is used below 50 K to gently remove the bulk of CO/N2 ice, the second number 
is the TPD rate above 50 K. A higher TPD rate above 50 K is used in order to have a higher peak-to-noise ratio in the QMS. Routinely, 1.5 K/min or 2 K/min 
are used as TPD rates below 50 K. Since no difference is found in the results between the two rates, 2 K/min is indicated everywh e. 
bY/Nmeans that the detection is uncertain. 
cgradual warm-up followed by the acquisition of RAIR spectra is used instead of QMS 
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6.3 Results and dicussion 
 
6.3.1 Formation of NH3 
 
A series of co-deposition experiments (see experiments 1.1-1.6 in Table 6.1) is performed 
to simulate the formation of NH3 under dense cold interstellar cloud conditions, i.e. when 
gas-phase CO has accreted onto the grains and the UV field is still negligible. A RAIR 
difference spectrum from a co-deposition of N:H:N2:CO = 1:20:100:100 at 13 K with a 
total N-atom fluence of 3·1014 atoms cm-2 (±40%) is shown in the large panel of Figure 6.1. 
12CO (2140 cm-1) and 13CO (2092 cm-1) are both visible. The inset in Figure 6.1 shows thi
experiment in a smaller spectral range (Fig. 6.1a), as well as two more N:H:CO 
co-deposition experiments at 13 K for different mixing ratios (Figs. 6.1b-c), and a control 
experiment with only NH3 and CO molecules co-deposited at 13 K (Fig. 6.1d). The same 
N-atom effective flux (8·1010 atoms s-1 cm-2) within a 40% accuracy and total N-atom total 
fluence are used in the first three experiments. It hould be noted that the amount of N2 in 
the final mixed ice cannot be disregarded, since the N-atom beam comprises a considerable 
amount of non-dissociated N2 molecules that, unlike H2, can freeze out at 13 K and form a 
solid layer of ice (Cuppen & Herbst 2007). 
The formation of NH3 is confirmed in Fig. 6.1 and 6.1(a) by the appearance of two 
absorption features at ν2 = 975 cm
-1 and ν4 = 1625 cm
-1 (Abouaf-Marguin et al. 1977, 
Nelander 1984, Koops et al. 1983). In addition, a third feature at ν3 = 3430 cm
-1 is observed 
in the region of the N-H and O-H stretching modes (not shown in the figure). Furthermore, 
solid H2CO (ν2 = 1728 cm
-1 and ν3 = 1499 cm
-1) shows up as a result of CO hydrogenation. 
Formation of H2CO by H-atom addition to CO has been previously studied (e.g., Hiraoka 
et al. 1994, Zhitnikov & Dmitirev 2002, Watanabe et al. 2002, Fuchs et al. 2009). Ongoing 
hydrogenation can form solid CH3OH that is below its detection limit here. A small feature 
around 1600 cm-1 can be assigned to either H2O impurity or to the aggregate of NH3. The 
former assignment is supported by a possible admixtures of O2 or H2O in the N2 bottle used 
in the experiments. Small negative peaks in the range between 1350 and 1750 cm-1 are 
water vapour absorptions along the path of the FTIR beam outside the UHV chamber. 
Unfortunately, these absorptions are still visible in some of the spectra despite the use of a 
dry air purged system. 
Figure 1(b) shows the co-deposition of N:H:N2:CO = 1:20:100:500 at 13 K. In this 
case, the deposition rate of CO is five times higher t an in the experiment plotted in Fig. 
6.1(a). Figures 6.1(a) and 6.1(b) show the same NH3 final amount, but the H2CO peaks are 
more prominent in the spectrum with higher CO abundance. This is expected, since the 
effective CO surface coverage for the experiment with N2:CO = 100:500 is about 1.7 times 
higher than for N2:CO = 100:100 (i.e., 50% CO surface coverage for N2:CO = 100:100 vs. 
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87% CO surface coverage for N2:CO = 100:500). Clearly, CH3OH abundances are still 
below the detection limit. 
Figure 6.1(c) shows a co-deposition spectrum with an absolute H-atom flux five times 
higher (N:H:N2:CO = 1:100:100:100) than the one in Fig. 6.1(a). This results in a further 
increase of the formed H2CO, consistent with previous work (e.g., Fuchs et al. 2009). In 
contrast with the H2CO final yield, ammonia absorption features and, therefore, the 
corresponding formation yield does not increase: th ν4 total absorbance shows the same 
value, while the ν2 total absorption is even 35-40% less intense than te one in Fig. 6.1(a). 
This apparent inconsistency can be explained by the ν2 mode (symmetrical deformation) 
being more sensitive to the ice mixture composition than the ν4 mode (degenerate 
deformation), particularly with H2CO around which can form hydrogen bonds with NH3. 
The fact that the ν2 mode is significantly more sensitive to environmental changes than the 
ν4 mode was also found by Abouaf-Marguin et al. (1977). The latter work shows that when 
the hydrogen bonds are formed, the position of the ν2 band is shifted as much as 70-80 cm
-1 
with respect to the position of the monomeric NH3, while this difference is only 10-30 cm
-1 
for the ν4 mode. Figure 6.1 in Hagen & Tielens (1982) further illustrates this for a 10 K CO 
matrix. In addition, more H2 is expected to be trapped in the growing matrix in the higher 
H-atom flux experiment, and this will further affect the environment in which NH3 is 
isolated. 
Finally in Fig. 6.1(d), a RAIR spectrum of NH3 co-deposited with CO molecules is 
shown. The total amount of deposited NH3 is 0.3 ML. This number is about the same as for 
the N-atom total fluence in each of the three aforementioned experiments. A ratio NH3:CO 
= 1:500 is chosen to reproduce the ratio used in Fig. 1b. The total absorbance of deposited 
NH3 molecules in Fig. 6.1(d) is about 10% and 40% higher for the ν4 and ν2 modes, 
respectively, compared to the abundances of NH3 formed by N-atom hydrogenation in the 
experiments depicted in Figs. 6.1(a) and 6.1(b). Although these differences are within the 
flux uncertainties, the larger difference in the ν2 mode is likely due to the higher sensitivity 
of the ν2 mode toward its environment. 
In general, Figure 6.1 shows that under our experimental conditions the final NH3 
yield is determined by the total amount of available nitrogen atoms at the ice surface, as the 
integrated area of the ν4 mode stays near constant in all four plots, while for the ν2 mode 
this varies significantly in plot c. The experiments indicate that the hydrogenation of the 
deposited N atoms is a faster and more efficient process than the hydrogenation of CO ice. 
Very low activation barriers are therefore expected for reactions (6.1)-(6.3). This is 
consistent with N-atom hydrogenation experiments in a solid N2 matrix by Hiraoka et al. 
(1994) and Hidaka et al. (2011). Furthermore, these later results of Hidaka et al. (2011) are 
tested under our experimental conditions, i.e. co-deposition of N:H:N2 = 1:20:100 is 
performed at 15 K, and formation of NH3 is observed in this experiment. 
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Finally, we performed a few co-deposition (control) experiments of H- and N-atom 
beams with H2O instead of CO (see experiments 2.1 and 2.2 in Table 6.1). A strong 
broadening of the NH3 absorbance features due to hydrogen bonds and a considerable 
overlap of H2O and NH3 absorption features do not allow for an unambiguous assignment 
of NH3 peaks in these experiments, TPD using QMS does not help to overcome the problem 
since co-desorbing H2O gives similar m/z numbers to NH3 complicating the assignments. 




Figure 6.1. A RAIR difference spectrum from a co-deposition of N:H:N2:CO = 1:20:100:100 at 13 K with 
a total N-atom fluence of 3·1014 (±40 %) atoms cm-2 (experiment 1.1) is shown in the large panel. In the 
inset four spectra from different co-deposition expriments are shown in a narrower spectral range: (a) is a 
zoom-in of the aforementioned spectrum; (b) is for a co-deposition of N:H:N2:CO = 1:20:100:500 
(experiment 1.3); (c) is for a co-deposition of N:H:N2:CO = 1:100:100:100 (experiment 1.4); and (d) is for 
the deposition of NH3:CO = 1:500 with a total deposited NH3 amount of 0.3 ML, corresponding to the 
N-atom total fluence of the experiments (a)-(c). All spectra are for 13 K and plotted with offsets for
clarity. 
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6.3.2 Temperature dependence 
 
A co-deposition experiment using the same deposition rates discussed before (N:H:N2 CO 
= 1:100:100:100) is repeated for different substrate temperatures (13 and 25 K) to study the 
temperature effect on the N-atom hydrogenation in CO-rich ices. The temperatures chosen 
are below desorption values of N2, N, and CO molecules (Acharyya et al. 2007). The goal 
of these experiments is to determine which mechanism is responsible for the formation of 
NH3 in a CO rich environment, i.e., Langmuir-Hinshelwood (L-H) or Eley-Rideal (E-R) or 
“hot-atom” mechanisms. Since both E-R and “hot-atom” mechanisms exhibit very limited 
sample temperature dependency over the short range of temperatures, one can expect to 
find similar NH3 final yields in both experiments. Since the E-R mechanism is temperature 
independent, one can expect to find similar NH3 final yields in both experiments. This kind 
of dependency is found for example for NO + N co-deposition experiments (Ioppolo et al. 
2013). In the case that L-H is responsible for the formation of ammonia, then the resulting 
NH3 formation rate is a rather complex combination of many individual processes that are 
temperature dependent (i.e., lifetime of H atoms on the surface, hopping rate of H and N 
atoms, and H-atom recombination rate). In this case, th  NH3 yield should drop 
significantly at 25 K due to the shorter residence time of H atoms on the ice surface. For 
instance, the lifetime of H atoms on a water ice surface at 25 K is more than 1000 times 
shorter than at 13 K (Cuppen & Herbst 2007). A decrease of H2CO and CH3OH formation 
yields with increasing temperature was observed by Watanabe et al. (2006) and Fuchs et al. 
(2009) in CO hydrogenation experiments, and this obervation was explained assuming a 
L-H formation mechanism. Figure 4 of Fedoseev et al. 2014 where substantial drops in the 
amount of ammonia formed is observed between 15 and 17 K under similar experimental 
conditions further constrain the proposed L-H mechanism. 
The two spectra in Fig. 6.2 show that neither H2CO nor NH3 are detected at 25 K by 
means of RAIRS. This is fully consistent with surface processes following a L-H 
mechanism, as suggested in previous work that focused on the hydrogenation of N atoms 
trapped in a N2 matrix (Hidaka et al. 2011). 
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Figure 6.2. Two RAIRs difference spectra of the same co-deposition experiment N:H:N2:CO = 
1:100:100:100 with the same total N-atom fluence of 3·1014 (±40 %) atoms cm-2 at 13 K (a) and 25 K (b) 
(see experiments 1.4 and 1.5). Spectra are plotted wi h offsets. 
 
6.3.3 Formation of HNCO  
 
The surface formation pathway of ammonia through the sequential hydrogenation of N 
atoms leads to the formation of NH and NH2 intermediates that also can react with other 
species in the ice to form different molecules. One obvious candidate in a CO surrounding 
is HNCO formed through surface reactions (6.4) and (6.5). In the experiments shown in 
Figures 6.1 and 6.2, each NH and NH2 intermediate will face at least one neighbouring CO 
molecule as with the chosen co-deposition ratios for deposited N atoms there are one 
hundred CO and one hundred N2 molecules. However, in our RAIR spectra, solid HNCO 
and its hydrogenation products (e.g., NH2CO and NH2CHO) cannot be detected. Even 
sensitive mass spectrometry does not show any clearevidence for the formation of these 
species (masses 42 – 45 m/z). Thus, reactions (6.4) and (6.5) most likely experience an 
activation barrier and consequently are overtaken by reactions leading to NH3 formation. 
This is consistent with Himmel et al. (2002), who indeed suggested the presence of an 
activation barrier even though some reactivity of NH toward CO at 10 K was found. 
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 Here, a new set of experiments is presented to study the surface formation of HNCO 
through the reaction of CO molecules with NH and NH2. The specific goal of these 
experiments is to prohibit the (fast) formation of ammonia, and to simultaneously increase 
the probability for NH and NH2 intermediates to react with CO molecules, overcoming any 
activation barriers. Such a set of experiments, in fact, is more representative for the actual 
processes taking place on interstellar grains, where H- and N-atom accretion rates are so 
low that once NH and NH2 radicals are formed, these experience a relatively long time to 
react with other ice molecules (~ several days) before another impacting H atom 
contributes to the formation of ammonia. Thus, to reproduce this scenario, N atoms are 
co-deposited with CO molecules with the same rates s described in section 6.3.1, while 
the H-atom co-deposition rate is substantially decreased (20 times less) to prevent full 
hydrogenation of N atoms, offering a pathway to the formed NH and NH2 to react with CO 
(see experiments 3.1-3.11 in Table 6.1). TPD experiments combined with QMS data are 
used to study the expected low HNCO final yield. 
Three selected N + H + CO co-deposition experiments are presented in Fig. 6.3. After 
co-deposition of CO molecules with H and N atoms with a given ratio at 13 K, the ice is 
gently and linearly warmed up to 50 K with a rate of 2 K/min to remove the bulk of the CO 
ice. A rate of 5 K/min is used during the second part of the TPD (up to 225 K) in order to 
have a higher peak-to-noise ratio of the selected masses in the mass spectrometer. The 
correlation between the NH3 and HNCO final yields for different H-atom co-deposition 
ratios is investigated by integrating the corresponding area of the selected species from 
their QMS mass signal over time (i.e., m/z = 17 for NH3, and m/z = 42, 43 for HNCO). 
Figure 6.3 shows the decrease of the NH3 formation yield (peak centred at 120 K), and the 
corresponding gradual increase of the HNCO formation yield (peak centred at 185 K) that 
follows the decrease of H-atom co-deposition ratio from N:H:N2:CO = 1:20:100:100 to 
N:H:N2:CO = 1:2:100:100. In the first experiment, only traces of HNCO are detected by 
the QMS, while the NH3 signal is maximum. In the third experiment, with a 10 times 
smaller H flux, the HNCO final yield is maximum while only traces of NH3 are present. 
The intermediate case, corresponding to a co-deposition ratio of N:H:N2:CO = 1:6:100:100 
results in the presence of both NH3 and HNCO molecules. 
 HNCO can be assigned in the TPD experiments to the desorbing species peaked at 
185 K by looking at the electron ionization fragmentation pattern (see Bogan & Hand 1971, 
Fischer et al. 2002). The inset in Figure 6.3 compares the ratio between m/z = 43, 42, and 
15 (i.e., HNCO+, NCO+, HN+) in our experiment and literature values.  
To further constrain this assignment, similar experim nts are performed with H atoms 
co-deposited with 14/15N atoms and 13CO molecules (see experiments 4.1-4.3 in Table 6.1).
In both cases (14N and 15N), a consistent isotopic shift of both peaks at m/z = 42 and 43 is 
observed, while the ratio between these two peaks st y  constant. 
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Figure 6.3. The TPD spectra for three different experiments: co-deposition of N:H:N2:CO = 1:20:100:100 
at 13 K (filled diamonds); co-deposition of N:H:N2 CO = 1:6:100:100 at 13 K (x-crosses); and 
co-deposition of N:H:N2:CO = 1:2:100:100 at 13 K (empty diamonds), see experiments 3.1, 3.2, and 3.5 in 
Table 6.1, respectively. The total N-atom fluence in ach of the three experiments is 4.5·1014 ± 40% atom 
cm-2. Peaks at m/z = 17 are due to NH3 (centered at 120 K) and background H2O (centered at 155 K), m/z 
= 42 and 43 (middle and lower panel) are the two most intense signals from HNCO. Plots are shown with 
offsets. In the top right corner, an inset is shown with the relative intensities for m/z = 15, 42, and 43 
(HNCO), as derived in this study and compared to the available literature. 
 
Pure HNCO is known to desorb slightly above 120 K (Theule et al. 2011). However, 
as shown in Figure 6.3, a much higher desorption temperature is found in our experiments. 
Upon desorption of the bulk of CO ice, HNCO may form ammonium isocyanate 
(NH4
+OCN-) or hydronium isocyanate (H3O
+OCN-) in presence of NH3 or H2O, 
respectively (reactions (6.6) and (6.7)). This indeed shifts the desorption temperature of 
HNCO to higher values. Reactions (6.6) and (6.7) can take place during the thermal 
processing of mixed NH3:HNCO and H2O:HNCO ices and have been extensively studied 
by Raunier et al. (2003) and Theule t al. (2011), respectively. Under our experimental 
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conditions, both NH3 and H2O are present in the ice sample during the TPD: i.e., NH3 is a 
product of N-atom hydrogenation, and H2O originates from background deposition (see the 
second peak around 155 K for m/z = 17 (OH+) in Fig. 6.3). In addition, the low final yield 
of HNCO (< 1 ML) indicates that this molecule likely occupies the surface spots with the 
highest binding energy. This further shifts the desorption temperature to higher values. 
Unfortunately the presence of the background water in the main chamber of our UHV setup 
gives both m/z = 18 (H2O
+) and m/z = 17 (OH+), furthermore CO that is present in the 
main chamber after co-deposition gives m/z = 16 signal (O+). As a consequence 
unambiguous assignment of the base counter parting HNCO acid is not possible. Finally, it 
should be noted that both NH2CHO (formamide) and (NH2)2CO (urea), two possible 
chemical derivatives of HNCO and NH4
+NCO-, respectively, cannot be observed under our 
experimental conditions and must be under the detection limit of both QMS and RAIRS. 
 
6.3.3.1 Control Experiments  
 
We performed several control experiments to constrain he formation of HNCO and OCN- 
at low temperatures by using RAIRS and QMS techniques during TPD experiments (see 
experiments 3.3 and 4.2 in Table 6.1). RAIR spectra an only be used to identify new 
species formed in the ice when their final yield is > 0.1 ML. To enhance the RAIR signal 
for species like HNCO and OCN-, we performed co-deposition experiments two times 
longer (experiment 3.3) and four times longer (experim nt 4.2) than the corresponding 
experiments shown in Fig. 6.3. Unfortunately, the main infrared absorption band of HNCO 
at 2260 cm-1 (Teles et al. 1989) lies too close to the absorption features of atmospheric CO2 
that is present along the path of our IR beam, outside the UHV chamber. In addition, CO 
infrared features overlap with the strongest OCN- band (van Broekhuizen et al. 2005), 
making OCN- detectable only after desorption of the bulk of CO ice. Therefore, a 
co-deposition experiment with 13CO (experiment 4.2) is shown in Fig. 6.4. In this figure, 
some infrared spectra acquired at different temperatures during TPD are presented in two 
selected spectral regions. The left panel covers the spectral range where HN13CO should be 
observed (Teles et al. 1989), while the right panel shows the range where O13CN- is 
expected. Solid HN13CO can only be observed at 13 K, while O13CN- is clearly present in 
the spectra taken at 35 and 50 K, well before desorption at 185 K. Thus, the present results 
support the hypothesis that HN13CO is formed already at 13 K, during co-deposition, a d 
as soon as 13CO desorbs, HN13CO reacts with NH3 or H2O to yield NH4
+O13CN- and 
H3O
+O13CN-, respectively. Formation of OCN- is also observed upon desorption of the 
bulk of the ice in experiment 3.3 using regular 12CO isomers. 
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Figure 6.4. Four RAIR difference spectra obtained after co-deposition of N:H:N2:
13CO = 1:2:100:100 at 
13 K followed by a TPD of the ice (experiment 4.2): a) 13 K b) 35 K c) 50 K and d) 200 K. The left panel 
shows the strongest absorption feature of HN13CO in the mid-IR; the right panel shows the strongest 
absorption feature of O13CN-. The total N-atom fluence is 1.8·1015 atoms cm-2 (± 40%). In the right panel, 
the 13 K plot is not shown because of the very high absorption of bulk 13CO. Some non-desorbed 13CO is 
still present in the plot at 35 K. 
  
Below, additional arguments are discussed that are in favour of the HNCO formation 
through the interaction of NH/NH2 with CO molecules: (i) the co-deposition experiment 
that yields HNCO at 13 K is repeated for 25 K where it does not result in a QMS detection 
of HNCO or NH3 (experiments 3.10 and 3.11). This indicates that te involved formation 
mechanism for both species depends on the H-atom life-time on the ice surface that is 
known to decrease substantially for increasing co-deposition temperature; (ii ) a two times 
longer co-deposition time is applied for identical settings and leads to a two times larger 
HNCO area on the QMS TPD spectra (experiment 3.7); (iii  neither HNNH nor H2NNH2 
are observed (within our detection limits) but but are expected to show up during TPD in 
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the case that non-reacted NH and NH2 become mobile after the bulk of the ice has 
desorbed. 
To further verify the reactivity of NH/NH2 radicals with CO molecules, we performed 
another set of RAIRS experiments (see experiments 5.1-5.4): a co-deposition of CO 
molecules with fragmentation products formed by discharging NH3 in the microwave 
plasma for different experimental conditions. The microwave discharge of ammonia results 
in the beam containing various products of plasma dissociation (i.e., along with the 
non-dissociated NH3 molecules, the beam can contain NH and NH2 radicals, H and N 
atoms as well as H2 and N2 molecules). The presence of NH and NH2 radicals is confirmed 
by co-depositing the products of NH3 plasma dissociation with an overabundance of D 
atoms under the same experimental conditions as in experiments 5.1-5.4. In this case, two 
broad features are observed in the N-D stretching vibrational mode region (2438 and 2508 
cm-1, respectively) together with the absorption features due to non-dissociated NH3. This 
indicates that at least part of the NH3 is decomposed into NH and NH2 radicals and N 
atoms that then react with D atoms to form the observed N-D bonds. 
The QMS TPD spectra obtained after co-deposition of CO molecules with NH3 
plasma dissociation products at 13 K results again in a mass peak at m/z=43 for 185 K that 
can be assigned to HNCO according to the electron ionisation fragmentation pattern (see 
filled diamonds in the main panel and the inset in F g. 6.5). Additionally, the empty 
diamonds in Fig. 6.5 represent a TPD spectrum afterco-deposition of unprocessed NH3 and 
CO that proves that the formed HNCO is not the result of thermal processing of mixed 
NH3:CO ice. Cross symbols in Fig. 6.5 represent data from the experiment where CO 
molecules are co-deposited with NH3 plasma dissociation products at a substrate 
temperature of 70 K, well above the CO desorption temperature (peaked at 29 K, Acharyya 
et al. 2007). This experiment confirms that the formed HNCO does not originate from 
gas-phase reactions or contaminations in the microwave plasma source and that the 
presence of CO on the surface is a prerequisite to form HNCO. All the aforementioned 
experiments are performed by using the same procedure: first the ice is warmed up with a 2 
K/min rate from 13 to 50 K to remove the bulk of CO ice; then a rate of 5 K/min is used 
from 50 K to 225 K. A control experiment is performed with a different isotope 
(experiment 5.4); when NH3 plasma dissociation products are co-deposited with 
13CO, m/z 
values of 43 and amu present a clear feature at 185 K, the ratio 44/43 is 0.27, while m/z=42 
is not found. 
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Figure 6.5. The TPD spectra of three distinct experiments: co-deposition of NH3 plasma fragments with 
CO at 13K (filled diamonds); co-deposition of NH3 plasma fragments with CO at 70 K (x-crosses); and 
co-deposition of NH3 and CO at 13 K when the microwave discharge is turned off (empty diamonds), see 
experiments 5.1, 5.3, and 5.2, respectively. Three m/z values are selected: masses 42 and 43 are the two 
most intense signals from HNCO, while 17 comes from NH3. Plots are shown with offsets for clarity. In 
the top right corner, the inset compares the relative intensities of the masses assigned in this study o 
HNCO and the available literature values. 
 
6.3.3.2 HNCO Formation Pathway  
 
Although our experimental data do not allow us to derive values for activation barriers for 
the reactions (6.4) or (6.5), some important conclusions can be drawn. As we mentioned 
before, reaction (6.5) is endothermic (~4800 K) and therefore unlikely to proceed for 
non-energetic processing at 13 K. The excess energy of the reactions (6.1) and (6.2) does 
not help to overcome the barrier, because in this case we would observe the formation of 
HNCO independently from the co-deposition ratio used. Moreover, we would expect a 
higher HNCO yield for the experiment with a higher H-atom flux over experiments where 
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this flux is insufficient to hydrogenate all N atoms. And this is in contradiction with our 
experimental observations. Apart from reactions (6.4) and (6.5), the following reactions 
 
N + CO → NCO,            (6.8) 
H + NCO → HNCO,           (6.9) 
 
could also lead to the sequential formation of HNCO. However, within our detection limits 
NCO radicals are not observed after co-deposition of CO molecules with just N atoms. 
Taking these considerations into account, we conclude that reaction (6.4) is the main 
pathway for HNCO formation. Since H2CO is not detected in the experiments where 
HNCO is formed, we expect that the activation barrier for the formation of HNCO is not 
much higher than the one proposed for the H + CO. Fuchs et al. (2009) and Cuppen et al. 
(2009) used an effective barrier of 435 K to model th ir observed experimental results on 
hydrogenation of CO. Such a direct comparison, however, has to be treated with care, as 
different settings and laboratory conditions have be n used and both mobility and life-time 
of NH and H differ significantly from each other. 
 As mentioned in section 6.3.3 NH2CHO (the product of sequential HNCO 
hydrogenation) is not observed in any of our experim nts. This is not surprising since 
H-atom addition to HNCO involves an activation barrier. Nguyen et al. (1996) used ab 
initio calculations to study the reaction of H atoms with isocyanic acid and an activation 
barrier of 1390 K was found for H-atom addition to the nitrogen atom of HNCO. This 
makes the formation of NH2CHO unlikely under our experimental conditions, since it 
would imply a second consequent reaction involving a  activation barrier, while the lack of 
H atoms is used in the experiments resulting in HNCO formation. 
 
6.4 Astrochemical implications 
 
This laboratory work is motivated by several of themain conclusions of the ISO and Spitzer 
c2d Legacy ice survey (Gibb et al. 2004, Öberg et al. 2011). The evolutionary steps of 
interstellar ice formation can be divided into three main stages: an early phase, driven by fast 
H-atom addition reactions in cold molecular clouds, before cloud core formation; a later CO 
freeze-out stage, when chemistry in the ices is driven by accreting CO molecules to a large 
extent; and the protostellar phase, where thermal and UV processing shape the ice content.  
During the first stage, a H2O-rich (polar) ice is formed. In this phase, the relative 
abundances of CO2 (in H2O), CH4, and NH3 correlate with H2O ice suggesting their 
co-formation. This indicates that most of the solid NH3 is formed during an early 
evolutionary stage. Our laboratory experiments are designed to study the non-energetic 
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surface formation of NH3 through the hydrogenation of N atoms under cold dense cloud 
conditions. These conditions aproximatelly resemble th  first stage of interstellar ice 
formation. We therefore performed some experiments co-depositing H and N atoms with 
water, but the spectral confusion due to the overlap of features from H2O and NH3, as well as 
the strong broadening of the NH3 absorption bands in a polar ice made an unambiguous 
assignment of NH3 ice formation far from trivial. Therefore, this work mostly focuses on the 
investigation of the NH3 formation in non-polar mixtures containing CO ice. This way, 
newly formed NH3 can be easily identified, because ammonia features are harper and do not 
overlap with features of other species in the ice. Although CO-rich ices better represent the 
second phase of interstellar ices, when CO molecules fre ze-out onto the grains, some of our 
conclusions on the surface formation of ammonia in CO-rich ice can also be partially 
extended to the formation of NH3 in H2O-rich ice. For instance, we find that the formation of 
NH3 by hydrogenation of N atoms proceeds barrierless or thr ugh a very small activation 
barrier at 13 K. Moreover, in agreement with previous works, we confirm a 
Langmuir-Hinshelwood mechanism as the main channel for the formation of solid NH3 
(Hiraoka et al. 1995 and Hidaka et al. 2011). Our experimental results further constrain the 
findings described in Charnley et al. (2001), where the accretion of gas-phase ammonia in 
their model results in a solid NH3/H2O ratio of only ~2%, which is less than the observed 
values of 5% (Gibb et al. 2004, Bottinelli et al. 2010, Öberg et al. 2011). However, the 
amount of NH3 ice on the grains could be higher assuming that N oms also accrete onto 
grains and undergo hydrogenation. If this surface formation route of ammonia is included 
in the Charnley et al. (2001) model, the solid NH3/H2O ratio becomes ~10%, which is even 
above the observed value. Moreover, recent models that account for the formation of NH3 
in the solid phase through hydrogenation of N atoms indicate a NH3/H2O ratio as high as 
25% (Garrod & Pauly 2011 and Vasyunin & Herbst 2013). 
Our experimental results can explain why recent astrochemical models overestimate 
the surface production of NH3. We observe an efficient formation of HNCO ice in 
H+N+CO experiments. Solid HNCO is a product of the int raction between CO molecules 
and intermediates involved in the surface formation of NH3. In this scenario, NH3 ice is 
formed efficiently in a polar ice together with water during the first phase of interstellar ices. 
However, as soon as densities are high enough for CO to freeze-out onto the grains, the 
formation of NH3 competes with the formation of HNCO in a non-polar ice. Our 
experiments reveal that the formation of NH3 in CO-rich ices is only efficient when the 
H-atom deposition rate is high enough to quickly hydrogenate all the N atoms to NH3 
which can only occur on rather fast laboratory time-scales. If a slower H-atom deposition 
rate is used to simulate the slow accretion rate obs rved in the ISM as much as possible, the 
formation of NH3 is suppressed in favour of the formation of HNCO. In this case, formed 
NH or NH2 radicals have significantly more time to overcome th activation barrier of the 
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reaction with the surrounding CO molecules before the next H atom arrives and eventually 
converts it to NH3. In space, the extremely low accretion rate of H atoms on the surface of 
the icy grains (unfortunately, not reproducible in the laboratory) gives days to each of the 
intermediates to overcome activation barriers and to react with the surrounding molecules 
(i.e., CO ice), before the next hydrogenation event occurs. This potentially explains the 
observed low ammonia abundances in non-polar ices and, t the same time, shows that 
solid HNCO is formed in molecular clouds. 
Interstellar HNCO was first detected in the Sgr B2 molecular cloud complex by 
Snyder & Buhl 1972. Since its discovery, HNCO has been detected in different 
environments, as diverse as dark molecular clouds an  hot cores in massive star-forming 
regions. Li et al. 2013 studied the spatial distribution of HNCO in massive YSOs that is 
consistent with a “hot” gas-phase formation route. In cold dark molecular clouds, however, 
HNCO is expected to be efficiently formed in the solid phase. Quan et al. (2010) were able 
to reproduce the observed gas-phase abundances of HNCO and its isomers in cold and 
warm environments using gas-grain simulations, which nclude both gas-phase and 
grain-surface routes. Our work shows that HNCO is effici ntly formed under dense cold 
cloud conditions, i.e., in non-polar ices with a reaction pathway that is linked to the 
formation of ammonia ice and does not require any energetic input, such as UV light or 
cosmic ray irradiation. Although our work indicates that HNCO should be detectable in 
CO-rich ices through its anti-symmetric stretch mode at ~2250 cm-1, this is not the case; the 
non-detection of solid HNCO in the ISM can be explained by efficient destruction 
pathways that include the hydrogenation of HNCO as well as thermal reactions with solid 
ammonia at temperatures slightly higher than its formation temperature. The latter 
mechanism is supported by a combined laboratory and mo elling study that derives a low 
(48 K) activation energy barrier for reaction (6.6) to occur (Mispelaer et al. 2012). 
Öberg et al. (2011) reported a close correlation between CO, C2 (in CO), CO (in 
H2O), and the XCN band in support of their co-formation during the CO freeze-out stage as 
well as the identification of OCN− as a main carrier of the interstellar XCN band. Our TPD 
experiments shown in Fig. 6.4 simulate the heating of ice mantles by a newly formed 
protostar (i.e., the third phase of interstellar ices). This process leads to the formation of 
O13CN- detectable from its infrared absorption feature centred at 2202 cm-1 (in our 
experiments we used 13CO instead of the regular 12CO). While NH3 and HN
13CO are 
formed through non-energetic surface reactions at low temperature, the formation of 
O13CN- occurs through the interaction of HN13CO with NH3 or H2O molecules at higher 
temperatures, when highly volatile species leave the ice. Thus, our results further constrain 
the assignment of either the entire or a single component (2165 cm−1) of the XCN band 
observed toward numerous YSOs to solid OCN- and show that OCN- is successfully 
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formed in the interstellar ices without any UV or csmic ray processing involved (see Gibb 
et al. 2004, Bottinelli et al. 2010, Öberg et al. 2011). 
The presence of HNCO and OCN- in interstellar ices during the protostellar phase 
may be very important for astrobiology. The recent detection of amino acids in comets has 
boosted efforts to investigate the astrochemical origin of species such as glycine and 
alanine (Elsila et al. 2009). Since gas-phase routes to form these complex s ecies seem to 
be inefficient, solid-phase formation pathways offer a strong alternative (Barrientos et al. 
2012). During protostar formation, interstellar grains are exposed to thermal, UV, electron, 
and ion processing that can drastically modify the composition of the icy mantles. 
Especially in the case of cosmic ray irradiation, the energy released by the ions passing 
through a material causes the dissociation of hundreds of molecules along their path. These 
fragments can then recombine forming new and more cmplex species. Eventually, a 
complex polymeric refractory residue can be formed. As shown in Figure 6.6, HNCO 
molecules are included as a peptide bond [-(H)N-C(O)-] between any two single amino 
acid. Moreover, even the simplest peptide, polyglycine, contains nothing but HNCO and 
CH2 components. Therefore, energetic processing (e. ., UV photolysis and cosmic ray 
irradiation) of HNCO:CH4 and HNCO:CH4:CH3OH-rich ices can be a possible pathway to 
form amino acids or peptide fragments. If OCN- is used in the aforementioned mixtures 
instead of HNCO, amino acid anions and their fragments can be formed as well. Such 
experiments will be the focus of a future laboratory study aimed to investigate the 
formation of the simplest amino acids and peptide fragments, but for now, it is important to 
conclude that convincing solid state pathways are found that explain the effective 
formation of the elementary precursor species.  
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Figure 6.6. A schematic that illustrates the potential importance of HNCO as a simple bearer of peptide 
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Deuterium Enrichment of Ammonia Produced by 
Surface N+H/D Addition Reactions  
at Low Temperature 
 
The surface formation of NH3 and its deuterated isotopologues - NH2D, NHD2, and ND3 - 
is investigated at low temperatures through the simultaneous addition of hydrogen and 
deuterium atoms to nitrogen atoms in CO-rich interstellar ice analogues. The formation of 
all four ammonia isotopologues is only observed up to 15 K, and drops below the detection 
limit for higher temperatures. Differences between hydrogenation and deuteration yields 
result in a clear deviation from a statistical distribution in favour of deuterium enriched 
species. The data analysis suggests that this is due to a higher sticking probability of D 
atoms to the cold surface, a property that may generally apply to molecules that are formed 
in low temperature surface reactions. The results found here are used to interpret ammonia 
deuterium fractionation as observed in pre-protostellar cores. 
 
 
G. Fedoseev, S. Ioppolo, H. Linnartz, 2014, MNRAS, in press, article doi: 10.1093/mnras/stu1852
 - 156 -
7.1 Introduction 
 
The characterization of different evolutionary stages of star formation is essential to 
understand the origin of molecular complexity in space. The ratio of a deuterated species 
over its counterpart containing H, i.e., the deuterium fractionation, is known to be a good tool 
to discriminate between different processes taking place along this evolutionary trail. The 
D/H ratio in the interstellar medium (ISM) is ~ 1.5·10-5. In cold dense cores (T ~ 10-20 K and 
n ~ 106 cm−3), the depletion of C-bearing molecules leads to an enhancement of the 
deuterium fractionation, because the H2D
+ ion, the gas-phase progenitor of most of the 
deuterated species, is not destroyed by CO (e.g., Roberts & Millar 2006, Bacmann et al. 
2003, Pillai et al. 2007). Apart from gas-phase reactions, also grain surface chemistry 
enhances molecular D/H ratios under cold dense cloud c nditions: e.g., via low-temperature 
surface reactions, ion- and photo-dissociation of solid species, and thermally induced 
exchange reactions on icy grains (e.g., Tielens 1983, Brown & Millar 1989a, 1989b). The 
idea that such processes lead to deuterium enrichment is usually based on the “zero-point 
energy argument”, i.e., the assumption that species with D atoms have a lower zero-energy 
and, therefore, are more stable and more likely to be formed over their H-atom counterparts 
at low temperatures (10-20 K). Moreover, if processes are recurrent in space, then 
deuterium enrichment can be further enhanced over a number of cycles (Tielens 1983). 
During the formation stage of a protostar, the D/H value is found to decrease again because 
of the strong UV field and shocks in the outflows caused by the newborn star (Crapsi et al. 
2005, Emprechtinger et al. 2009). Also much later, during the planetary stage, D/H ratios are 
important. Recent observations with the H rschel Space Observatory have revealed that 
although the D/H mean value in Oort-cloud comets is ≤ 3·10-4, the D/H ratio in 
Jupiter-family comets is very close to the Vienna standard mean ocean water (VSMOW) 
value of ~ 1.5·10-4. This result seems to suggest that a significant delivery of cometary water 
to the Earth-Moon system occurred shortly after the Moon-forming impact (Hartogh et al. 
2011, Bockelée-Morvan et al. 2012, Lis et al. 2013). In this scenario, also other complex 
prebiotic species may have been delivered to Earth following the same route of water 
molecules.    
To date, a conspicuous number of molecules detected in the ISM, including methanol, 
water and ammonia exhibit deuterium enrichment. Labor tory experiments show that all 
these species are formed on the surface of icy dust grains mostly through hydrogenation 
reactions at low temperatures. In particular, the presence of species like H2CO and CH3OH 
(CO+H), NH3 (N+H), CH4 (C+H), H2O (O/O2/O3+H), and possibly also NH2OH (NO+H, 
NO2+H) is (largely) explained through sequential H-atom addition to various precursors 
(e.g., Hiraoka et al. 1994, Hiraoka et al. 1995, Hiraoka et al. 1998, Zhitnikov & Dmitriev 
2002, Watanabe & Kouchi 2002, Miyauchi et al. 2008, Ioppolo et al. 2008, Mokrane et al. 
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2009, Congiu et al 2012, Ioppolo et al 2014). As a consequence, surface deuteration 
reactions will be at play as well, contributing with different efficiencies. Indeed, laboratory 
work shows that different molecules undergo different surface deuterations (Nagaoka at al 
2005, Ratajczak et al 2009, Hidaka at al 2009, Weber t al 2009, Kristensen et al 2011). 
For example, the formation of H2O/HDO through OH+H2/D2 and H2O2+H/D (Oba et al 
2012, Oba et al 2014) shows a preference for hydrogenation that has been explained by a 
higher quantum tunneling efficiency. In fact, the different transmission mass involving 
abstraction/addition of hydrogen atoms over similar reactions with deuterium is assumed to 
cause higher hydrogenation rates. On the other hand, Nagaoka at al. (2005), Nagaoka 
(2007), and Hidaka at al. (2009) demonstrated that hydrogen atoms can be abstracted from 
methanol and its isotopologues and substituted by D atoms upon D-atom exposure of solid 
CH3OH, CH2DOH, and CHD2OH. However, H-atom exposure of CD3OH, CD2HOH, and 
CDH2OH does not result in abstraction or substitution of D atoms with H atoms. Therefore, 
(partially) deuterated methanol is expected to be enriched in space. These examples make 
clear that a straight forward interpretation of H/D ratios in the ISM is far from trivial. 
Nevertheless, understanding the mass dependence of all p ssible processes helps in pinning 
down the relevant reactions taking place.  
The present laboratory work focuses on the competition between hydrogenation and 
deuteration during the solid state formation of ammonia. It is commonly believed that NH3 
can be formed both in the gas phase - through a series of ion-molecule reactions (see 
Herbst & Klemperer 1973, Scott et al. 1997) - and in the solid state - through three 
sequential H-atom additions to a single nitrogen atom on the surface of an interstellar ice 
grain. Gas-phase observations toward ‘pre-protostellar cores’ show an increased D/H 
fractionation of NH3 (Hatchell 2003, Busquet et al. 2010). NH2D and NHD2 are also 
detected in the dark cloud L134N and in IRAS 16293E (Rouef et al. 2000, Loinard et al. 
2001). In these sources, the NH3:NH2D:NHD2 gas-phase abundances (1:0.1:0.005 and 
1:0.07:0.03, respectively) are orders of magnitudes higher than the ratios expected from 
cosmic D/H abundances. To date, there is no direct astronomical observation of the D/H 
ratio for ammonia ice, but the astronomical gas-phase data may actually reflect the solid 
state deuterium enrichment as well. For instance, observations toward the shocked region 
L1157-B1 provide evidence for a chemical enrichment of the interstellar gas by the release 
of dust ice mantles and show an indirect upper limit for NH2D/NH3 of 3·10
-2 (Codella et al. 
2012). 
Recently, several groups studied the surface hydrogenation of N atoms (see Hiraoka et 
al. 1995, Hidaka et al. 2011, Fedoseev et al. 2014). It is clear that a better understanding of 
the D/H fractionation mechanism of this process is required to interpret the gas-phase 
observations of deuterium enriched NH3. Moreover, both Hidaka et al. (2011) and 
Fedoseev et al. (2014) – see the accompanying paper - conclude exp rimentally that the 
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formation of NH3 by hydrogenation of N atoms involves a Langmuir-Hinshelwood (L-H) 
mechanism. Therefore, key parameters for the formation rates of NH3:NH2D:NHD2:ND3 
during hydrogenation/deuteration of N atoms, are the sticking coefficients for H and D 
atoms, the activation energies needed for surface diffusion and desorption and the reaction 
barriers for interactions with other species. Thus, the deuterium enrichment of ammonia 
offers a diagnostic tool to investigate the L-H mechanism. In this paper the astronomical 
implications and details on the physical-chemical properties of the deuterium enrichment of 
ammonia are discussed. 
  
7.2 Experimental procedure 
 
7.2.1 Experimental setup 
 
The experiments are performed under ultra-high vacuum (UHV) conditions, using our 
SURFRESIDE(2) setup, first in a one-atom beam, and since 2012 in a double-atom beam 
configuration. The latter setup allows for the simultaneous use of two atom-beams together 
with regular molecular dosing lines as described in the accompanying paper. Further details 
of the original and extended setups are available from Fuchs et al. (2009) and Ioppolo et al. 
(2013), respectively.  
SURFRESIDE2 consists of three distinct UHV sections, including a main chamber 
and two atom-beam line chambers. Shutters separate the beam lines from the main chamber 
and allow for an independent operation of the individual parts. Two different atom sources 
are implemented: a Hydrogen Atom Beam Source (HABS, Dr. Eberl MBE-Komponenten 
GmbH, see Tschersich 2000) that produces H or D atoms through thermal cracking of H2 
or D2; and a Microwave Atom Source (MWAS, Oxford Scientific Ltd, see Anton et al. 
2000) that generates H, D, O, and, specifically for this work, N atoms using a microwave 
discharge (300 W at 2.45 GHz). H2 (Praxair 5.0), D2 (Praxair 2.8), and N2 (Praxair 5.0) are 
used as precursor gasses. A nose-shaped quartz pipe is placed after each shutter along the 
path of the atom beam to efficiently quench the excit d electronic and ro-vibrational states 
of the formed atoms and non-dissociated molecules through collisions with the walls of the 
pipe before they reach the ice sample. The geometry is designed in such a way that this is 
realized through at least four wall collisions befor  atoms can leave the pipe. In this way, 
“hot” species cannot reach the ice. All atom fluxes are in the range between 1011 and 1013 
atoms cm-2 s-1 at the substrate position. The calibration procedur s are described in Ioppolo 
et al. (2013). 
In the main chamber, ices are deposited with monolayer precision (where 1 ML = 1015 
molecules cm-2) at astronomically relevant temperatures (starting from 13 K and upwards) 
onto a 2.5 x 2.5 cm2 gold substrate. The substrate is mounted on the tip of a cold head and 
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full temperature control is realized using a Lakeshore temperature controller. The absolute 
temperature precision is ~2 K, and the relative precision between two experiments is below 
0.5 K. Two additional dosing lines are implemented o allow for a separate deposition of 
stable molecules. In this way, it becomes possible to co-deposit atoms and molecules and to 
simulate various molecular environments as typical for different evolutionary stages in 
interstellar ices: e.g., elementary processes in polar (H2O-rich) or non-polar (CO-rich) 
interstellar ice analogues (see Ioppolo et al. 2014). Pre-deposited ices can also be studied 
with this system. Reflection Absorption Infrared Spectroscopy (RAIRS) and Temperature 
Programmed Desorption (TPD) in combination with a quadrupole mass spectrometer 
(QMS) are used as analytical tools to characterize th ice composition both 
spectroscopically and mass spectrometrically. Since NH3 and ND3 molecules can 
participate in thermally induced deuterium exchange reactions, RAIRS is used as main 
diagnostic tool, complemented with TPD data.  
  
7.2.2 Performed experiments 
 
Two sets of conceptually different (control) experiments are performed. The first set 
focuses on H/D exchange reactions with pre- and co-eposited NH3 with D atoms. The 
second set, which is the core of this work, deals with the isotopic fractionation in sequential 
H- and D-atom reactions with atomic nitrogen in co-deposition experiments: 
• NH3 + D studies are performed using both pre- and co-deposition experiments. NH3 
(Praxair 3.6) and D2 are prepared in distinct pre-pumped (< 10
-5 mbar) all-metal dosing 
lines. The pre-deposition of NH3 ice is performed under an angle of 45° and with a 
controllable rate of 4.5 ML/min on a 15 K gold substrate. During deposition, RAIR 
difference spectra are acquired every minute with respect to a pre-recorded spectrum of the 
bare gold substrate. After NH3 deposition, a new background reference spectrum is 
acquired, and the pre-deposited NH3 ice is exposed to a constant flux of D atoms normal to 
the surface of the sample. RAIR difference spectra are acquired every 10 minutes to 
monitor the ice composition in situ. During the co-deposition experiment, NH3 and D 
atoms are deposited simultaneously on the gold substrate with a constant rate. Also here, 
RAIR difference spectra are acquired every 10 minutes with respect to a spectrum of the 
bare substrate. 
• Significantly more complex from an experimental point of view is the study of H/D 
fractionation in ammonia isotopologues formed upon c -deposition of hydrogen, deuterium, 
and nitrogen atoms. This experiment can be performed by co-depositing H and D atoms 
generated in the HABS with N atoms from the MWAS. A mixed H- and D-atom beam is 
obtained by thermal cracking a H2:D2=1:1 gas mixture. The mixture is prepared by filling 
up two independent pre-pumped (<10-5 mbar) parts of the dosing line with a known 
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volume-to-volume ratio of H2 and D2 gasses. The gasses are subsequently allowed to mix in
the total volume of the dosing line. The pre-mixed gas is then introduced in the thermal 
cracking source using a precise leak valve to control the gas flow. In a similar way, a N2 
gas line is used as input for the microwave plasma ource. Another pre-pumped (< 10-5 
mbar) dosing line is used to deposit CO under the same experimental conditions as 
previously described in the accompanying paper by Fedoseev et al. (2014). As explained 
there the addition of CO simulates a more realistic interstellar ice environment. To 
guarantee stable operational conditions, both thermal cracking and microwave plasma 
sources are operated (‘backed’) for at least 30 minutes prior to co-deposition. A 
simultaneous co-deposition experiment is then performed at the desired sample 
temperatures (13-17 K) by using all three H-, D-, and N-atom beams as well as a molecular 
CO beam for a period of typically four hours. During this co-deposition experiment, RAIR 
difference spectra are acquired every 5 minutes with respect to a spectrum of the bare gold 
substrate. All relevant experiments are summarized in Table 7.1. 
Here, the main challenge is to evaluate with the highest possible precision the H:D 
ratio in the mixed atom beam to allow for a quantittive study of the competition between 
hydrogenation and deuteration of ammonia ice. Ioppolo et al. (2013) characterized the 
atom fluxes produced by SURFRESIDE2 and found that, for identical settings and with H2 
and D2 used separately, the resulting H-atom fluxes at the surface are a factor of ~2 higher 
than the measured D-atom fluxes. However, this does not necessarily mean that using a 
H2:D2 = 1:1 mixed gas will result in a production of H and D atoms in a 2:1 ratio. This is 
because differences in the H2 and D2 flow rates through the leaking valve as well as 
different recombination efficiencies of H+H, D+D, and H+D on the walls of the quenching 
quartz pipe can change the final H:D ratio. Moreover, the absolute flux calibrations come 
with large uncertainties (~30-50%).  
Therefore, after each H:D:N experiment, we performed a control co-deposition 
experiment of H:D:O2 ~ 1:1:100 at the same temperature of the H:D:N experiment to 
derive the effective H and D fluxes at the substrate surface for all the different temperatures 
investigated. These control experiments lead to the formation of two products: HO2 and 
DO2 through the reactions H/D + O2 = HO2/DO2. The surface formation of HO2 and DO2 
has been the topic of several studies and is known t  be a nearly barrierless process (e.g., 
Cuppen et al. 2010). Therefore, the total amount of final products and the HO2:DO2 ratio 
are expected to be independent of temperature - as we verified here in the range between 13 
and 17 K - and reflect the effective H- and D-atom fluxes at the surface. Band strengths of 
selected mid-IR vibrational modes are needed to quantify the final abundances of HO2 and 
DO2 formed in our control experiments. Unfortunately, there is no experimental data on 
HO2 and DO2 band strengths in an O2 matrix. Therefore, we used integrated band areas to 
calculate the ratio between OD:OH stretching modes and the ratio between DOO:HOO 
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bending modes for all the investigated temperatures. The two ratios give the following 
values of 1.48 and 1.47, respectively, which are temperature independent.  
To quantitatively link the OD:OH and DOO:HOO ratios as obtained from the 
integrated band areas with the ratio of the final amount of HO2 and DO2, we still need to 
know at least the band strength ratios for the select d vibrational modes. Therefore, we 
assume that the band strength ratio between the DOOand the HOO bending modes of DO2 
and HO2, respectively, is the same as for the band strength ratio between the DOO and the 
HOO bending modes of H2O2 and D2O2 obtained in O2 + H/D experiments by Miyauchi et 
al. (2008) and Oba et al. (2014). As shown in Oba et al. (2014), the peak positions of H2O2 
(1385 cm-1) and D2O2 (1039 cm
-1) are similar to the peak positions of HO2 (1391 cm
-1) and 
DO2 (1024 cm
-1) in our O2 matrix experiments (Bandow & Akimoto 1985). The 
DOO:HOO band strength ratio in Miyauchi et al. (2008) and Oba et al. (2014) is 
determined as 1.4. We also assume that the OD:OH band strength ratio from the stretching 
modes of HO2 and DO2 is the same as for the OD:OH band strength ratio from the 
stretching modes of H2O and D2O determined by Bergren et al. (1978) and Miyauchi et al. 
(2008). In this case, an OD/OH band strength ratio of 1.5 was found. By scaling the 
integrated band area ratios of the two selected vibrational modes (OD:OH = 1.48 and 
DOO:HOO = 1.47) for their respective band strength ra ios (OD:OH = 1.5 and DOO:HOO 
= 1.4) we conclude that the ratio of our effective H- and D-atom fluxes is equal to one 
within the experimental uncertainties. 
Once the first H:D:O2 ~ 1:1:100 control experiment is completed, the ice is usually 
sublimated and a second control co-deposition experiment of H and D atoms with O2 
molecules is repeated always at 13 K. This second ctrol experiment is meant to monitor 
the day-to-day reproducibility of the H- and D-atom fluxes. We did not find any major 
fluctuations in the H:D-atom beam over the course of our experiments. 
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Table 7.1. List of the performed experiments. 
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     CO H (from H2) N (from N2)   
3.1 N:H:N2:CO co-dep 1:20:100:100 13 0.5 0.1 0.005 90 - 
     CO D (from D2) N (from N2)   
3.2 N:D:N2:CO co-dep 1:20:100:100 13 0.5 0.1 0.005 90 - 
Determination of H:D atom ratio in produced mixed (H+D)-atom beam 
  
 
  O2 
H+D  
(H2:D2 = 1:1) 
   
4.1 (H+D):O2 co-dep 1:600 13 45 0.075
 c - 10 - 
4.2 (H+D):O2 co-dep 1:600 14 45 0.075 
c - 10 - 
4.3 (H+D):O2 co-dep 1:600 15 45 0.075
 c - 10 - 
4.4 (H+D):O2 co-dep 1:600 16 45 0.075
 c - 10 - 
4.5 (H+D):O2 co-dep 1:600 17 45 0.075
 c - 10 - 
aExperiments are performed by pre-depositon (pre-dep) and co-deposition (co-dep) techniques; Rdep is the deposition rate of a selected molecule expressed in 
ML min-1 under the assumption that 1 L (Langmuir) exposure leads to the surface coverage of 1 ML; Tsample is the substrate temperature during co-deposition; 
Atom-fluxTL  is the HABS atom flux; Atom-fluxPL is the plasma cracking line atom flux; ttotal is the total time of co-deposition; TPD is the temperature 
programmed desorption experiment performed afterward with the TPD rate indicated.  
bAbsolute uncertainties of H/D- and N- fluxes are 50 and 40%, respectively; the relative uncertainty betwe n two of the same N+H/D experiments is <20%, and 
is as low as a few percent for H/D+O2 experiments.  
cSince the exact atom-beam composition for H2:D2 = 1:1 feeding mixture is unknown, the absolute atom flux corresponding to the sum of the two distinct fluxes 
(one for pure H2 and one for pure D2) divided by 2 is used to present co-deposition ratios and total fluences. 
 
7.3 Results and conclusions 
 
7.3.1 Deuterium exchange in NH3 + D system 
 
Nagaoka et al. (2005) and Hidaka et al. (2009) found that both solid H2CO and CH3OH 
participate in abstraction reactions with D atoms in the 10-20 K temperature range yielding 
D-substituted methanol isotopologues in H2CO+D and CH3OH+D experiments. In the 
same work, Nagaoka et al. (2005) investigated similar reactions for the NH3+D system and 
reported that no abstraction is observed in the exposure of pre-deposited NH3 to cold D 
atoms at temperatures below 15 K. In the present work, we verify this conclusion for our 
experimental pre-deposition conditions and we further expand on this by performing 
co-deposition experiments.  
In the top panel of Figure 7.1, two RAIR spectra are presented: (a) a spectrum 
obtained after 50 ML deposition of pure NH3 ice, and (b) the RAIR difference spectrum 
obtained after exposure of this ice to 8·1016 D atoms cm-2. One can see that all four main 
spectroscopic absorption features of NH3 (ν1 = 3217 cm
-1, ν2 = 1101 cm
-1,ν3 = 3385 cm
-1,ν4 
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= 1628 cm-1, see Reding & Hornig 1954) are visible in the spectra of pure NH3 ice. It 
should be noted that the peak positions are significantly shifted in this pure ammonia 
environment from the ones in rare gas matrix-isolated NH3 due to the presence of hydrogen 
bonds between NH3 molecules (H2N-H···NH3) (compare for example data in Reding & 
Hornig 1954 with those in Abouaf-Marguin et al. 1977 and Hagen & Tielens 1982). 
Spectrum (b), in turn, shows that none of the NH2D absorption bands demonstrates a 
noticeable growth upon D-atom exposure, at least not within our experimental detection 
limits. A small feature in the N-H/O-H stretching region (3000-3500 cm-1), and a shift of 
the peak centred at 1100 cm-1 (see the negative bump in spectrum b)  is likely due to 
background water deposition on top of NH3 during the 2 hours of D-atom exposure. It is 
known that position and strength of NH3 absorption bands can vary in presence of H2O ice, 
since new hydrogen bonds are formed with H2O molecules, i.e., HOH···NH3, H2O···HNH2 
(Bertie & Shehata 1985). 
 In order to further increase the sensitivity of our experimental technique, 
co-deposition experiments of NH3 molecules with D atoms are performed. With a 
sufficiently high number of D atoms over NH3 molecules (e.g., 5:1 ratio), virtually, every 
deposited NH3 molecule is available for reaction with D atoms, and a greater amount of 
products may be formed and be available for detection by RAIRS. In the lower panel of 
Figure 7.1, the results of this experiment are shown; there is no observable difference 
between the NH3 + D and pure NH3 deposition experiments at 15 K, and none of the 
possible D-substituted NH3 isotopologues, i.e., NH2D, NHD2, ND3, can be 
spectroscopically identified. This further constrains the conclusion made by Nagaoka et l. 
(2005) that the reaction NH3 + D does not take place at temperatures lower than 15 K. 
Moreover, because of the aforementioned “zero-point energy argument”, we expect that 
also reaction ND3+H is not efficient at low temperatures as well. 
It should be noted that hydrogen bonds between NH3 molecules stabilise NH3 and 
make abstraction reactions by D atoms thermodynamically less favourable (in a way 
similar to the H2O + D case). Therefore, performing the NH3 + D experiments in a 
non-polar matrix could potentially prevent the hydrogen bond formation and in return help 
to overcome the activation barrier for the exchange reaction at low temperatures. Although 
this is an interesting project, we decided to perform another challenging set of experiments 
with the intent to study the deuterium fractionation during ammonia formation. The 
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Figure 7.1. Upper panel: (a) RAIR spectrum of 50 ML of pure NH3 at 15 K (experiment 1.1); (b) RAIR 
difference spectrum obtained after exposure of 50 ML of pre-deposited NH3 ice with 8·10
16 D atoms cm-2 
at 15 K (experiment 1.1). Lower panel: (c) simultaneous co-deposition of 50 ML of NH3 with 3·10
17 D 
atoms cm-2 at 15 K, where D:NH3 = 5:1 (experiment 1.2). The removed window between 2250 and 2380 
cm-1 and the region from 3550 to 3650 cm-1 present absorption bands due to atmospheric CO2 along the 
path of the IR beam outside the UHV setup.  
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7.3.2 H/D fractionation of ammonia (isotopologues) produced by hydrogenation of N 
atoms at low temperatures  
 
Here, we show the first experimental results for deuterium fractionation in NH3 molecules 
during the formation of ammonia through N-atom hydrogenation/deuteration in interstellar 
ice analogues. A number of experiments has been performed in which N atoms are 
co-deposited at 13 K with CO molecules and a mixture of H and D atoms in a single beam 
(see Table 7.1 experiments 2.1-3.2). Now, all four possible ammonia D-isotopes can be 
identified following the identification of several spectral features: NH3 (ν2 = 975 cm
-1 and 
ν4 = 1625 cm
-1); NH2D (ν2 = 909 cm
-1 and ν4 = 1389 cm
-1); NHD2 (ν2 = 833 cm
-1, ν4 = 1457 
cm-1, and ν3 = 2551 cm
-1); and ND3 (ν2 = 762 cm
-1 and ν3 = 1187 cm
-1). Assignments are 
taken from Reding & Hornig (1954), Abouaf-Marguin et al. (1977), Nelander (1984), and 
Koops et al. (1983). Figure 7.2(a) shows the RAIR spectrum of a co-deposition of 
N:(H+D):N2:CO = 1:15:100:100 at 13 K with a H2/D2 = 1 ratio and the N2 is due to the 
undissociated precursor gas. In this experiment, also HDCO can be observed at ν2 = 1708 
cm-1 and ν3 = 1395 cm
-1 (Hidaka et al. 2009), while both H2CO and D2CO are present only 
as trace signals at 1733 cm-1 and 1682 cm-1, respectively.  
In order to make the interpretation of our data quantit tive, absolute band strengths are 
needed. For NH3 and ND3 absolute intensity measurements exist. There are no available 
data for the band strengths of the partially deuterated ammonia isotopes - NH2D and NHD2 
- for which only predictions have been reported so far (Koops et al. 1983). Since in our 
study ν2 is the only mode that is present for all ammonia isotopologues and this vibrational 
mode can be affected by the ice lattice, we have decided to apply a different method for the 
quantitative characterization of ammonia deuterium fractionation at low temperatures. In 
the accompanying paper (Fedoseev et al. 2014), we have already shown that under our 
experimental conditions the amount of produced ammonia is determined by the amount of 
nitrogen atoms available for hydrogenation. In the case of a pure statistical (i.e., mass 
independent) distribution of the products of simultaneous H- and D-atom additions to 
nitrogen atoms, the final yield distribution of NH3:NH2D:NHD2:ND3 should be about 
1:3:3:1, assuming a H:D = 1:1 ratio, as determined  the experimental section. 
Therefore, in Figure 7.2 we compare the spectrum from a co-deposition of 
N:(H+D):N2:CO = 1:15:100:100 at 13 K (Fig. 7.2a) with spectra from a nitrogen-atom 
co-deposition experiment with only H atoms (Fig 7.2b) or only D atoms (Fig 7.2c), in such 
a way that the total amount of deposited N atoms in the experiment shown in Fig. 7.2(a) is 
8 times higher than that shown in each of the two other spectra. It is illustrated in Fedoseev 
et al. (2014) that under our experimental conditions a full conversion of N atoms into the 
final product (NH3) is achieved. Therefore, if our assumption of a 1:3:3:1 distribution of 
the formed isotopologues is correct, Fig. 7.2(b) should represent a statistical weight of the 
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formed NH3, and Fig. 7.2(c) of ND3. In this distribution, the amount of produced NH3 is 8 
times lower than the total amount of all the formed ammonia isotopologues, i.e., only 1/8 
part of the deposited N atoms should be converted to NH3. The same applies to ND3. The 
comparison of the NH3 and ND3 band areas in Fig. 7.2(a) with the NH3 band area in Fig. 
7.2(b) and the ND3 band area in Fig. 7.2(c) shows that, for the chosen settings, there is a 
deviation from the statistical 1:3:3:1 distribution in favor of an increase in the production of 
deuterated species. In particular, by comparing the total amount of ND3 in Figs. 7.2(a) and 
7.2(c), we estimate that every deuteration reaction has a probability of almost a factor 1.7 
higher to occur over the corresponding hydrogenatio reactions. The area of ND3 in Fig. 
7.2(a) is two times larger than the ND3 area in Fig. 7.2(c). To achieve such enhancement of 
ND3 production over three subsequent additions of H or D atoms to an N atom, every 
deuteration reaction should have a probability of afactor 1.7 higher to occur, resulting in a 
final NH3:NH2D:NHD2:ND3 distribution of 0.4:2.1:3.5:2. This is further discussed in the 
following sections. 
 
Figure 7.2. Three RAIR difference spectra: (a) co-deposition of N:(H+D):N2:CO = 1:15:100:100 at 13 K 
(experiment 2.1); here, the H- and D-atom beams are prepared in the thermal cracking line by feeding the 
line with a mixture of H2:D2 = 1:1; (b) co-deposition of N:H:N2:CO = 1:20:100:100 at 13 K (experiment 
3.1); (c) co-deposition of N:D:N2:CO = 1:20:100:100 at 13 K (experiment 3.2). The total N-atom fluence 
in (a) is 8 times higher than in (b) and (c). This factor 8 represents the weight of NH3 or ND3 molecules in 
a pure statistical distribution of final hydrogenation products assuming that H:D = 1:1 (i.e., 
NH3:NH2D:ND2H:ND3 = 1:3:3:1).  
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Figure 7.3 shows the amount of ammonia isotopes formed as a function of the N-atom 
fluence. The uncertainties are large, but the derived data points hint for a linear growth for 
all the produced species. This is consistent with the assumption that the formation of all 
NH3 isotopologues proceeds through subsequent H/D-atom ddition to a single nitrogen 
atom, and no secondary processes like abstractions are involved (Hidaka et al. 2011, 
Fedoseev et al. 2014). 
 
 
Figure 7.3. Co-deposition of N:(H+D):N2:CO = 1:15:100:100 at 13 K (experiment 3.1). The absor ance 
of NH3, NH2D, ND2H and ND3 (taken from the integration of the ν2 mode) is shown as a function of the 
N-atom fluence. 
 
7.3.3 Temperature dependency of deuterium enrichment of the produced NH3-nDn 
isotopologues in N+H+D atom addition reactions 
 
The N+H+D co-deposition experiments described in the previous section are here repeated 
for a number of different temperatures with the goal t  study the thermal dependence of 
NH3-nDn (with n = 0, 1, 2, 3)  formation. The RAIR spectra obtained after co-deposition of 
1.1·1015 N atoms cm-2 with a mixed H:D-atom beam at 13, 14, 15, 16, and 17 K are shown 
in Figure 7.4. Two conclusions can be derived from these plots. First, the formation of all 
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four isotopologues is observed in the 13-15 K range, but drops below the detection limit 
between 16 and 17 K. This decrease of the total NH3-nDn production confirms, once again, 
the conclusions in Fedoseev t al. (2014) that hydrogenation of N atoms in CO-rich ies 
takes place through the L-H mechanism. In the case of Eley-Rideal (E-R) or hot-atom 
mechanisms, no significant temperature dependence, specifically within such a small range, 
is expected. Secondly, the deviation of the observed signals from a statistical distribution in 
the amount of formed NH3, NH2D, NHD2, and ND3 in favour of D-substituted 
isotopologues remains constant, despite a gradual decrease of the total amount of products. 
In other words the observed preference in deuteration events over hydrogenation events is 
within our detection levels the same for all the tested temperatures. 
 
 
Figure 7.4. RAIR spectra obtained after co-deposition of N:(H+D):N2:CO = 1:15:100:100 at five different 
temperatures: (a) 13 K, (b) 14 K, (c) 15 K, (d) 16 K, and (e) 17 K (see experiments 2.2-2.6). The mixed H- 
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7.3.4 Discussion 
 
All four NH3-nDn isotopologues are observed among the products of simultaneous 
co-deposition of N atoms with H and D atoms. This allows us to study for the first time the 
competition between hydrogenation and deuteration of N atoms in the solid phase at low 
temperatures. Previous work aimed at studying the hydrogenation of N atoms in a N2 
matrix (Hiraoka et al. 1995, Hidaka et al. 2011) as well as in CO-rich ices (Fedoseev t al. 
2014). All three studies suggest that hydrogenation of itrogen atoms takes place through 
subsequent H-atom addition to a single N-atom: 
 
N + H → NH,             (7.1) 
NH + H → NH2,            (7.2) 
NH2 + H → NH3.            (7.3) 
 
When D atoms are introduced simultaneously with H atoms, it is logical to assume that 
these also will participate in competing deuteration reactions, following the same chemical 
pathway: 
 
N + H/D → NH1-nDn   (n = 0, 1),       (7.4) 
NH1-nDn + H/D → NH2-nDn  (n = 0, 1, 2),        (7.5) 
NH2-nDn + H/D → NH3-nDn (n = 0, 1, 2, 3).      (7.6) 
 
As stated before, in the case that there is no chemical preference for H- or D-addition 
reactions, then for a H:D = 1:1 mixture, the final isotopologue distribution follows a 
statistical weighting of NH3:NH2D:ND2H:ND3 = 1:3:3:1. However, the actually observed 
distribution deviates, and is determined as 0.4:2.1:3.5:2, in favour of a higher (1.7 times) 
deuteration efficiency compared to hydrogenation. To determine the exact process 
responsible for this enrichment, we have considered different possibilities: experimental 
artefacts, specifically, (i) deviations from the H:D = 1:1 ratio in the mixed atom beam 
fluxes in favour of D atoms; or a physically and chemically different behaviour, i.e., (ii) 
differences in accretion rates (sticking probabilities) of H and D atoms, (iii) differences in 
desorption and diffusion rates of the adsorbed H and D atoms, and (iv) other competing 
reactions involved, like for example atom abstraction reactions. These possibilities are 
discussed separately. 
 
(i) Lower H-atom flux over D-atom flux in the mixed beam.  
As we described before, a H2:D2 = 1:1 gas mixture is used as a feeding gas for the thermal 
cracking line to obtain a mixed H/D-atom beam. The difference in mass and bond energy 
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of both precursor species may yield an H:D:H2:D2:HD beam reflecting a deviating 
distribution, causing experiments to start from (unknown) initial conditions. Therefore, to 
evaluate the exact H:D ratio in the atom beam, co-deposition experiments are performed, 
where mixed H/D atoms are co-deposited with large overabundances of O2 molecules and - 
as discussed in the experimental section - the amount f HO2 and DO2 formed through 
barrierless reactions can be directly linked to the H/D ratio. The test shows that the same 
amount of HO2 and DO2 is formed in all experiments at all tested temperatures. The 
temperature independence of the obtained results is in strong support of an E-R mechanism 
for HO2 and DO2 formation. Therefore, assuming the same probability for H and D atoms 
to react with O2 molecules upon encounter, the H:D-atom ratio at the ice surface is equal to 
1 and cannot explain the observed deuterium enrichment in N+H+D co-deposition 
experiments. 
 
(ii) Different sticking probabilities for H and D atoms at the surface of the ice.  
Several studies have been devoted to the investigation of the sticking coefficients of H 
atoms to cryogenically cooled surfaces as a functio of the translational energy of the H 
atoms (for an overview see Watanabe et al. 2008). Buch & Zhang (1991) performed 
molecular dynamic simulations showing that D atoms have a higher sticking probability (to 
H2O ice) than H atoms for all studied temperatures (50-600 K). For instance, a 300 K 
D-atom beam has a calculated sticking probability to water ice 2.5 higher than H atoms. 
Unfortunately, to date, no experimental data is avail ble on a mixed CO:N2 ice surface and 
a 300 K estimated D/H-atom beam temperature. However, following the simulations, we 
expect a higher surface density of D atoms (w.r.t. H atoms) on the surface of the ice, 
consistent with the observed results. It should be not d, though, that this may not be the full 
story. The nose-shaped quartz pipe is used to collisionally quench ‘hot’ atoms. Therefore, it 
is not necessarily true that H and D atoms have identical translational energies at the ice 
surface; both species are light and this makes effici nt collisional quenching even more 
challenging. Finally, the factor 2 difference in mass may affect the resulting distribution of 
translational energies, further changing the sticking coefficients for H and D atoms. Bottom 
line, the sticking probability for H and D atoms at cold surfaces seems to be a key 
parameter to explain the experimentally observed deuterium fractionation. 
 
(iii) Difference in desorption and diffusion rates for H and D atoms.  
If D atoms have a higher binding energy to CO-ice than H atoms, this can affect the system 
in two opposite ways. On one hand, a lower binding e ergy of H atoms means that they 
have a higher probability to desorb from the surface of the ice before a reaction with other 
species takes place. On the other hand, a lower binding energy means that, for the studied 
temperature range, thermal hopping of H atoms is to occur more frequently than thermal 
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hopping of D atoms. If quantum tunnelling is responsible for the diffusion of H/D atoms, 
this further enhances the mobility of H atoms and the probability to find an N-atom to yield 
NH1-nDn (n = 0, 1) and NH2-nDn. (n = 0, 1, 2). To verify this hypothesis, a set of 
experiments as described in section 3.3 was performed. No significant difference upon 
sample temperature variation is found up to 17 K, where none of the reaction products 
could be detected. In the case that either a difference in desorption or diffusion rate would 
be responsible for the observed deuterium enrichment, o e would expect to find a 
significant change in the NH3:NH2D:ND2H:ND3 distribution with temperature from 
maximum production to non-production of ammonia isotop logues. This is not observed 
and hints for the conclusion that different diffusion rates are not case determining. This is 
also consistent with the small isotopic difference between the diffusion of H and D atoms 
on amorphous water ice as observed by Hama et al. (2012). 
 
(iv) Competing reaction channels.  
Taking into account an overabundance of H/D atoms compared to N atoms on the surface 
of the ice, the main competing reaction channels are expected to be: 
 
H + H → H2,             (7.7) 
D + D → D2,             (7.8) 
H + D → HD.             (7.9). 
 
If two separate systems would be studied (i.e., N+H and N+D), the rates of the competing 
barrierless reactions (7.7) and (7.8) would affect the rates of NH3 and ND3 formation 
through the consumption of the available H and D atoms, and would decrease the 
corresponding H and D surface densities. This is especially important if the NH3 and ND3 
formation mechanism would involve activation barriers, slowing down reactions in 
comparison to reactions (7.7) and (7.8). However, this is not the case. In addition, in our 
system, where H and D atoms are co-deposited, reaction (7.9), which decreases surface 
densities of H and D atoms in an equal way, should dominate. Our data cannot conclude 
precisely on the difference in surface H- and D-atom densities during the experiments, and 
knowledge of the activation barrier for H and D diffusion and desorption is required to 
build a precise model to investigate it. Other possible competing reactions that should be 
mentioned here are abstraction reactions. Although reaction  
 
NH3 + D→ NH2 + HD,           (7.10) 
 
can be excluded experimentally from the list (see section 7.3.1), reactions 
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NH2 + D → NH + HD,           (7.11) 
NH + D → N + HD,           (7.12) 
 
and similar reactions, including deuterated isotopol gues +H atoms instead of D atoms, 
should not be disregarded. Also abstraction reactions: 
    
NH2 + H2/D2 → NH3/NH2D + H/D,        (7.13) 
NH + H2/D2 → NH2/NHD + H/D,         (7.14) 
N + H2/D2 → NH/ND + H/D,         (7.15) 
 
should be considered. Both reactions (7.11) and (7.12) are expected to have activation 
barriers. Similar reactions involving only H atoms show barriers of 6200 K for reaction 
(7.11) and 400 K for reaction (7.12) (Ischtwan & Collins 1994, Poveda & Varandas 2005). 
Reactions (7.13) - (7.15) are expected to have activation barriers as well and are 
endothermic (see Hidaka et al. 2011 and references therein). Since reactions (7.4)- 6) are 
all barrierless, they should proceed much faster than reactions (7.11)-(7.15). Therefore, we 
assume that reactions (7.11)-(7.15) do not contribute significantly to the formation of 
ammonia and its isotopologues under our experimental conditions. 
After discussing these arguments, we consider the difference in sticking probabilities 
of H and D atoms to the surface of CO-rich ices (reulting in a higher surface density of D 
atoms over H atoms) as the main reason for the observed deuterium enrichment of 
ammonia isotopologues produced by surface hydrogenation/deuteration of N atoms at low 
temperatures. 
 
7.4 Astochemical implications and conclusions 
 
The observed high deuterium fractionation in prestellar cores (high densities n ≥ 106 cm−3 
and low temperatures T ≤ 10 K) is the result of a combination of gas-phase nd surface 
reactions. Under molecular cloud conditions, the D/H ratio of molecules is found orders of 
magnitude higher (between 0.02-0.09 for DNC/HNC) than the elemental abundance of D/H 
= 1.5 × 10−5 (Linsky 2003, Hirota et al. 2003). It is well established that this enhancement 
is largely due to exothermic exchange gas-phase reactions involving H3
+ (Oka 2013, Millar 
et al. 1989, Roberts et al. 2004). A process that can counterbalance the deuterium 
enrichment of gas-phase species is the reaction between H2D
+ and CO. However, for cloud 
densities higher than a few 105 cm−3, timescales for collisions of CO with grains become so 
short that most of the gaseous CO is depleted from the gas to form a layer of pure CO ice on 
the grains. This so-called “catastrophic” freeze-out of CO, observed directly through infrared 
ice-mapping observations (Pontoppidan 2006) and indirectly through the lack of gas-phase 
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CO and other molecules in dense regions (Bergin et al. 2002, Caselli et al. 1999), causes a 
rise in gaseous H2D
+ and deuterated molecules. Moreover, electron recombination of H2D
+ 
enhances the abundance of D atoms, which then can partici ate in surface reactions on dust 
grains to form deuterated ice (Aikawa 2013). 
Recent laboratory experiments proved that surface reactions involving deuterium - 
including hydrogen abstraction reactions - lead to the deuterium enrichment of interstellar 
ices. For instance, the deuteration of solid O/O2/O3 induces the formation of deuterated 
water ice (e.g., Dulieu et al. 2010, Ioppolo et al. 2008, Romanzin et al. 2011). However, 
the formation of H2O/HDO through OH+H2/D2 and H2O2+H/D (Oba et al 2012, Oba et al 
2014) shows a preference for hydrogenation that has been explained by a higher quantum 
tunneling efficiency. On the other hand, Nagaoka at al. (2005), Nagaoka (2007), and 
Hidaka at al. (2009) demonstrated that hydrogen atoms can be abstracted from methanol 
and its isotopologues and substituted by D atoms upon D-atom exposure of solid CH3OH, 
CH2DOH, and CHD2OH.  
Triply deuterated ammonia (ND3) has been observed in dark clouds with an ND3/ H3 
abundance ratio of ~8·10−4, which implies an enhancement of more than 10 orders of 
magnitude over the purely statistical value expected from the abundance of deuterium in 
the interstellar medium (Lis et al. 2002). The deuterium enrichment of ammonia can occur 
both in the gas phase and in the solid phase (Rodgers & Charnley 2001). The gas-phase 
synthesis of ammonia in cold dense clouds occurs through a sequence of ion-molecule 
reactions that start with the fragmentation of N2 and formation of N
+ ions through the 
reaction with He+, which is formed by cosmic-ray ionization of He. Successive reactions 
with H2 end with the formation of the NH4
+ ion, and dissociative recombination with 
electrons finally yields NH3 as the dominant product (Vikor et al. 1999, Öjekull et al. 2004, 
Agúndez & Wakelam 2013). When deuterated species ar involved in the process, triply 
deuterated ammonia is then formed through the dissociative recombination of NHD3
+. In 
their gas-phase chemical model, Lis et al. (2002) were able to reproduce the observed 
abundances of deuterated ammonia only when a non-statistical ratio for the dissociative 
recombination reaction forming ND3 was used. An alternative route is the deuterium 
fractionation on the grains, as studied here. 
In the solid phase, the formation of ammonia is a radical-radical process (reactions 
(1)-(3)) that occurs at low temperatures (<15 K). Previous laboratory work confirms that 
these surface reactions are nearly barrierless (Hiraoka et al. 1995, Hidaka et al. 2011, 
Fedoseev et al. 2014). Therefore, one would expect the deuterium fractionation of 
ammonia to reflect the atomic D/H ratio in the accreted gas. Disregarding any other surface 
reaction and assuming that the probability for accretion of N atoms and reaction with D 
atoms is pD, then the probability for reaction with H atoms is (1- pD). The expected 
fractionation for NH2D/NH3 is 3pD/(1- pD), where the factor 3 accounts for the three 
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chances to deuterate ammonia, and is 3p2D/(1- pD)
2 for ND2H/NH3 (Tielens 2005). 
Although this simple calculation strongly depends on the local cloud conditions, it is based 
on a statistical distribution of the NH3-nDn isotopologues and does not fully reflect the 
observed gas-phase abundances for the NH3-nDn isotopologues in dense cold clouds (Rouef 
et al. 2000, Loinard et al. 2001). 
Our laboratory results indicate that the simultaneous addition of H and D atoms to N 
atoms on a cold surface leads to the formation of all the deuterated isotopologues of 
ammonia with a distribution that is non-statistical at low temperatures and that leads to a 
higher deuterium fractionation of ammonia ice. Our experiments are performed in CO-rich 
ices to resemble the conditions found in dense coldres, where CO freezes-out onto dust 
grains and the D/H ratio increases. The use of a CO matrix in our experiments also helps to 
overcome the IR spectral broadening that occurs in polar ices and that induces spectral 
confusion. Moreover, the D/H ratio (~1:1) chosen for our experiments is somehow 
representative to the densest prestellar cores and, at the same time, simplifies the data 
analysis. Under our experimental conditions, every deuteration event has a probability of at 
least a factor 1.7 higher to occur over a regular hydrogenation event, independently from 
the surface temperature. A higher sticking probability of D atoms over H atoms to the 
surface of the ice can explain our experimental findings. In this scenario, the surface D/H 
ratio is higher than the already enhanced gas-phase D/H ratio as in dense cores, because D 
atoms have a higher binding energy to the surface than H atoms. This will further increase 
the deuterium fractionation of species that are formed in the solid phase and then later 
released into the gas-phase. Therefore, our results show that the deuterium fractionation of 
species in the solid phase is potentially a more important process than previously 
considered.  
This conclusion can be extrapolated to other chemical systems than simply ammonia 
ice, where isotopologues are formed by a series of competing and barrierless H/D-atom 
addition reactions to a single atom. For instance, we expect that the competition between 
hydrogenation and deuteration of CH4 leads to an enhancement of deuterated species. Our 
H- and D-atom beam has a temperature of 300 K, as opposed to the temperature of H and 
D atoms in dark cloud regions that is roughly an order of magnitude lower. Buch & Zhang 
(1991) reported that the sticking probability of 300 K deuterium atoms to the surface of an 
amorphous H2O cluster is 2.5 higher than the sticking probability of hydrogen atoms. The 
same ratio goes down to 1.42, when the D and H atoms are at 50 K. Moreover, different 
surface properties, i.e., polar (H2O-rich) versus non-polar (CO-rich) ice, can potentially 
affect the sticking probabilities of H and D atoms a well. Therefore, we expect that 
complementary systematic experiments performed withH- and D-atom beams at different 
kinetic temperatures and in both polar and non-polar ice analogues will be pivotal to 
determine the role of ice grain chemistry in the interstellar deuterium fractionation of 
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molecules like ammonia. The present study already show  that surface reactions clearly can 
contribute to the observed gas phase abundances. 
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Experimental Evidence for Glycolaldehyde and 
Ethylene Glycol Formation by Surface 
Hydrogenation of CO Molecules under Dense 
Molecular Cloud Conditions 
 
This study focuses on the formation of two molecules of astrobiological importance - 
glycolaldehyde (HC(O)CH2OH) and ethylene glycol (H2C(OH)CH2OH) - by surface 
hydrogenation of CO molecules. Our experiments aim t simulating the CO freeze-out 
stage in interstellar dark cloud regions, well befor  thermal and energetic processing 
become dominant. It is shown that along with the formation of H2CO and CH3OH – two 
well established products of CO hydrogenation – also molecules with more than one 
carbon atom form. The key step in this process is thought to be the recombination of two 
HCO radicals followed by the formation of a C-C bond. The experimentally established 
reaction pathways are implemented into a continuous-time random-walk Monte Carlo 
model, previously used to model the formation of CH3O  on astrochemical time-scales, to 
study their impact on the solid-state abundances in de se interstellar clouds of 
glycolaldehyde and ethylene glycol.    
 
 




   
 - 180 - 
8.1 Introduction 
 
Among approximately 180 molecules identified in the inter- and circumstellar medium 
over 50 molecules comprise of six or more atoms. For astrochemical standards, these are 
seen as ‘complex’ species. Most of these molecules contain H-, C- and O- atoms and can be 
considered as organic molecules. The sources where t se complex organic molecules 
(COMs) are detected include cold interstellar cores, circumstellar envelopes around 
evolved stars, hot cores and corinos, outflows as well as other regions. The detection of 
COMs around young stellar objects (YSOs) in the early stages of their evolution may 
indicate that COMs are part of the material from which comets, planetesimals and 
ultimately planets are made. Therefore, it is not surprising that prebiotic molecules and 
chemical pathways leading to their formation at prestellar stages have become topic of an 
increasing number of observational, theoretical andl boratory studies. A clear focus has 
been on amino acids, specifically the simplest amino acid, glycine. Despite theoretical 
studies and laboratory based work that show that glycine as well as several other 
amino-acids should form in space (Muñoz Caro et al. 2002, Blagojevic et al. 2003, Congiu 
et al 2012, Garrod et al. 2013) unambiguous detections are still lacking (Snyder et al. 
2005). The search for two other classes of prebiotic compounds – aldoses (polyhydroxy 
aldehydes) and polyols – has been more successful. Aldoses are compounds with chemical 
formula (CH2O)n containing one aldehyde (-CHO) group. Well-known members of this 
series are the simple sugars (monosaccharides) glycose, ribose and erythrose. The simplest 
representative of this class – glycoladehyde (HC(O)H2OH) – has been successfully 
detected towards the solar mass protostar IRAS 16293-2422 by ALMA, see Jørgensen t al. 
(2012) and toward two other objects, the Galactic center source SgrB2(N) (Hollis et al. 
2000) and high-mass hot molecular core G31.41+0.31 (Beltran et al. 2009). The 
best-known representative of the polyols series is glycerine – a basic compound of fats. 
Glycerine is a triol and has not been detected in space so far, but ethylen glycol 
(H2C(OH)CH2OH), a diol, has been observed toward the Galactic center source SgrB2(N) 
(Hollis et al. 2002) as well as around the low-mass Class 0 protostar NGC 1333-IRAS2A 
(Maury et al. 2014). 
 From the chemical structure of both aldoses and polyols it is expected that the key 
stage in the formation of both molecule classes must be the formation of a chain of 
carbon-carbon bonds. Furthermore each carbon atom in this chain is attached to an oxygen 
atom resulting in a -C(O)-C(O)-(C(O))n- backbone. So the crucial stage in the mechanism 
describing the formation of both HC(O)CH2OH and H2C(OH)CH2OH and other aldoses or 
polyols not detected in space so far, is the formation of a -C(O)-C(O)- bond. It is here that 
surface chemistry can play a role. It is generally ccepted that carbon-bearing species like 
CH3OH, H2CO, CO2, and possibly CH4 form on icy dust grains, as these provide surfaces 
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on which gas-phase species accrete, meet, and react. Moreover, these icy grains can absorb 
excess energy released in a chemical reaction, effectively stabilizing products and changing 
the branching ratio of the reactions. Therefore, in de se cold clouds, icy dust grains act 
both as a molecular reservoir and as a solid-state catalyst (though they are not considered 
as a catalyst in the chemical sense). Charnley et al. (2001) suggested that the formation of 
both glycolaldehyde and ethylen glycol proceeds through the following reaction chain: 
 
CO + H → HCO,            (8.1) 
HCO + C → HCCO,           (8.2) 
HCCO + O → HC(O)CO,          (8.3) 
HC(O)CO + H → HC(O)CHO,         (8.4) 
HC(O)CHO + H → HC(O)CH2O/ HC(O)CHOH,      (8.5) 
HC(O)CH2O/ HC(O)CHOH + H → HC(O)CH2OH,     (8.6) 
HC(O)CH2OH + H → H2C(O)CH2OH/HC(OH)CH2OH,    (8.7) 
H2C(O)CH2OH/ HC(OH)CH2OH + H → H2C(OH)CH2OH.   (8.8) 
 
Another formation route suggested later by Charnley & Rodgers (2005) is very similar but 
with altered sequences of H- and O-atom additions. The reduction reactions (8.1), 
(8.5)-(8.8) (or similar reactions) are reported to proceed under cold molecular cloud 
conditions (Hiraoka et al 1994, Zhitnikov et al. 2002, Watanabe t al. 2002, Bisschop et al. 
2007, Fuchs et al. 2009). The reactions (8.2) and (8.3), however, have not been verified 
experimentally. Furthermore, the formation of a triple -C(O)- backbone will require another 
place selective addition of a carbon atom to the product of reaction (8.4) followed by an 
O-atom addition or alternatively will require the addition of a C-atom to the product of 
reaction (8.2) followed by two place specific oxygen atoms additions. These channels are 
not considered as effective pathways to form a triple -C(O)- chain.  
A considerably more realistic scenario involves reactions between two HCO radicals 
as produced in the reaction (8.1) yielding Glyoxal:  
 
HCO + HCO → HC(O)CHO.          (8.9) 
 
Sequential hydrogenation by 2 or 4 H-atoms turns HC(O) HO into glycoladehyde and 
ethylen glycol, respectively, i.e., reactions (8.2)-(8.4) in this scheme are replaced by 
reaction (8.9), see Figure 8.1 for comparison of both schemes. This reaction route may be 
more relevant than the mechanism suggested by Charnley et al. (2001), as: (i) 
CO-molecules and H-atoms are among the most abundant species in dense molecular 
clouds and CO is the second most abundant molecule in interstellar ices in the coldest 
clouds; (ii) the formation of CH3OH proceeds through sequential hydrogenation of CO 
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molecules with HCO as a necessary intermediate which guarantees that this radical is 
formed on the surface of interstellar grains; (iii) reaction (8.9) is a radical-radical 
recombination and expected to be barrierless which is particularly important for the very 
low temperatures (~10-15 K) of icy grains in space; (iv) the option for further growth of a 
(-C(O)-)n backbone through the addition of another HCO radical remains in the case that an 
H-atom addition in reaction (8.5) or (8.7) takes place on the O-atom instead of the C-atom. 
The dimerisation of HCO, reaction (8.9) is considere  in a recent work by Woods et al. 
(2013) as one of the formation routes of glycolaldehyde. Their astrophysical model 
consistent with the observed estimates in the hot mlecular core G31.41+0.31 and 
low-mass binary protostar IRAS 1629-32422.  
In this work, we experimentally investigate surface hydrogenation of CO molecules at 
dense molecular cloud conditions with the goal to verify the formation of side products of 
methanol with more than one carbon atom. We will show that for our experimental settings, 
the formation of glycolaldehyde and ethylen glycol indeed can be realized. This is the first 
time that a regular hydrogenation scheme of CO is found to result in such complex species. 
In the discussion section we prove that the key reaction in the formation of these species 
involves a HCO + HCO recombination. We also discuss the possible formation of methyl 
formate (HC(O)OCH3) that is not found in this study but may be formed under other 
experimental conditions. Subsequently, the experimental results of this work are 
implemented into a model used by Cuppen et al. (2009) based on the continuous-time, 
random walk Monte-Carlo method. This model allows for the simulation of microscopic 
grain-surface chemistry for the long timescales typical in interstellar space, including the 
layering of ice during the CO freeze out. The choice of microscopic simulations is because 
HCO radicals have to stay in close vicinity to each ot er in order for a reaction to occur. 
Therefore, a method that accounts for the position of the species in the ice lattice is 
required for the best representation of the system. The astronomical implications are also 
discussed. First, an overview on the experimental procedure and the performed 
experiments is given. 
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Figure 8.1. A schematic representation of glycolaldehyde and ethyl ne glycol formation pathways 




Experiments are performed using SURFRESIDE2, an ultrahigh vacuum (UHV) setup that 
is described in detail by Ioppolo et al. (2011). This setup comprises three UHV chambers; a 
main chamber with a base pressure ~ 10-10 mbar and two chambers housing atom beam 
lines with base pressures in the range 10-10-10-9 mbar. In the main chamber, a sample holder 
is mounted on the tip of the cold head of a close-cycle He cryostat. The deposition 
temperature can be controlled between 13 and 300 K with an absolute precision of <2 K 
and relative precision of about 0.5 K. Two different atom beam lines are used. A Hydrogen 
Atom Beam Source (HABS, Dr. Eberl MBE-Komponenten GmbH, see Tschersich 2000) 
produces atoms by thermal cracking of parent molecules passing through the hot tungsten 
capillary, while a Microwave Atom Source (MWAS, Oxford Scientific Ltd, see Anton et al. 
2000) generates atoms by cracking their parent molecules in a capacity coupled microwave 
discharge (175 W at 2.45 GHz). In both cases, a nose-shaped quartz pipe is placed along 
the path of the atom beam to efficiently quench excit d electronic or ro-vibrational states of 
newly formed atoms and non-dissociated molecules through collisions with the walls of the 
pipe before these reach the ice sample. 
The reactivity of CO with H atoms is investigated systematically at 13 K with the goal 
to verify the formation of C-C bonds. Experiments are performed using co-deposition, i.e., 
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CO-molecules are co-deposited simultaneously with H atoms with pre-defined deposition 
rates. This allows overcoming the main problem of a sequential deposition technique as 
used before to study formaldehyde and methanol formation upon CO hydrogenation, i.e., 
low final yields of the products of CO-hydrogenation due to the limited penetration depth 
of H-atoms into the pre-deposited CO ice (Watanabe et al. 2003, Fuchs et al. 2009). Using 
a co-deposition technique with an overabundance of H-atoms over CO-molecules makes 
that virtually all deposited CO molecules are available for hydrogenation reactions and 
thick (6-30 monolayers) ice of CO-hydrogenation products can be grown. Furthermore, a 
co-deposition experiment is a more realistic representation of the conditions at which CO is 
hydrogenated in dense molecular clouds where simultaneous accretion of CO molecules 
and H-atoms take place but on much longer timescale (see Cuppen et al. 2009).  
The newly formed species are monitored in situ during co-deposition by means of 
Fourier Transform Reflection Absorption Infrared Spectroscopy (FT-RAIRS). After 
finishing the co-deposition, a temperature programmed desorption (TPD) of the ice is 
routinely performed using quadrupole mass-spectrometry (QMS) to monitor in the 
gas-phase thermally desorbing species. The use of TPD as a main analytical tool is 
necessary since the strong IR absorption features of glycoladehyde (HC(O)CH2OH), 
ethylen glycol (H2C(OH)CH2OH) and also glyoxal (HC(O)CHO) overlap with the 
absorption bands of H2CO and CH3OH, making unambiguous spectroscopic assignments 
challenging (see also İberg et al. 2009). 
 Several control experiments are performed to confirm that the formation of 
glycoladehyde and ethylene glycol takes place indeed at 13 K and that this is not the result 
of thermal processing, recombination of trapped radicals during the TPD, gas-phase 
reactions or contaminations in the atom beam lines. Isotope shift experiments using 13CO 
instead of 12CO or D instead of H are performed to further constrain the results. All 
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Table 8.1. Overview of performed experiments. 
 Experiment Tsample, K Ratio COflux, cm
-2s-1 Hflux, cm
-2s-1 t, min TPD Detectionc 
1 CO + H 13 1:5 1.5E12 8E12 360 QMS2K/10K Y 
2 CO + H 13 1:5 1.5E12 8E12 360 bRAIRS2K Y 
3 CO + H 25 1:5 1.5E12 8E12 360 QMS2K/10K N 
4 CO + H 13 1:25 3E11 8E12 360 QMS2K/10K Y 
5 CO + Ha 13 1:25a 3E11 8E12a 360 QMS2K/10K Y 
6 CO + D 13 1:25 3E11 8E12 360 QMS2K/10K N 
7 13CO + H 13 1:25 3E11 8E12 360 QMS2K/10K Y 
8 CO + H 13 1:25 3E11 8E12 72 QMS2K/10K Y 
9 CO + H 13 1:25 3E11 8E12 360 QMS5K Y 
10 CO + H 13 1:25 3E11 8E12 600 RAIRS5K Y 
    CH3OHflux, cm
-2s-1 H/H2 flux, cm
-2s-1    
11 CH3OH+H 13 1:25 3E11 8E12 360 QMS
5K N 
12 CH3OH+H2 13 1:25 3E11 - 360 QMS
5K N 
Experiments are performed using co-deposition technique; Xflux is the deposition rate of a selected species expressed in particles per cm
2 per s, Tsample is 
the substrate temperature during co-deposition; t is the time of co-deposition; TPD is the temperature programmed desorption experiment p rformed 
afterward with the TPD rate indicated, normally theic  is gently warmed up to remove the bulk of CO, then high TPD rate is used to increase the 
sensitivity of a technique, Detection indicates whether glycoladehyde and ethylene glycol are identified. 
aThe microwave discharge is used to generate the H-atom beam instead of a thermal cracking source.  
bInstead of a TPD with a constant rate, annealing at a number of chosen temperatures is made with a simultaneous RAIR spectra recording. 




In Figure 8.2, a typical example of a QMS TPD spectrum is presented for a CO + H 
experiment at 13 K (exp. 4 in Table 8.1). One can see that in the temperature range from 50 
to 250 K, four CO hydrogenation products show up. In addition to peaks originating from 
the previously detected H2CO (~ 100 K) and CH3OH (~ 140 K) (Hiraoka et al 1994, 
Zhitnikov et al. 2002, Watanabe t al. 2002, Fuchs et al. 2009), there are two more 
desorption peaks, one centered at 160 K and one at 200 K. The higher desorption 
temperatures w.r.t. the values for H2CO (100 K) and CH3OH (140 K) are consistent with 
less volatile and heavier carriers. The TPD QMS spectra provide information to identify the 
origin of these carriers; molecules desorb at specific temperatures and fragmentation 
patterns upon electron impact induced dissociative ionization are available for different 
electron energies for many different species. The pot ntial of this method – linking two 
different physical properties - is illustrated for the H2CO and CH3OH bands. The 
desorption bands are linked to mass spectra that can be compared to literature values upon 
60 eV electron impact ionization for formaldehyde and methanol, as shown in the two 
top-left insets in Figure 8.2. The experimental anddatabase fragmentation patterns are very 
similar. Small inconsistencies are likely due to partial co-desorption of CH3OH with H2CO 
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at 100 K and vice versa co-desorption of H2CO trapped in the bulk of CH3OH at 140 K. 
 
 
Figure 8.2. TPD spectra obtained after experiment 4 (Table 8.1) for the indicated m/z numbers. Insets on 
top of the figure compare the fragmentation patterns of desorbing species detected in this experiment upon 
60 eV electron impact with those available from literature.  
 
In a similar way, the two additional desorption peaks t 160 K and 200 K can be 
assigned to glycoladehyde and ethylene glycol, respectively. The desorption temperatures 
of these species are consistent with the values available from İberg et al. (2009) (see their 
Figure 12, where CH3OH, HC(O)CH2OH, and H2C(OH)CH2OH desorption peaks are 
reported to be at 130, 145, and 185 K, respectively). Moreover, the observed fragmentation 
pattern upon 60 eV electron-impact ionization is very similar to the literature values, as 
illustrated in the two top-right insets of Figure 8.2. 
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Figure 8.3. TPD spectra obtained after experiment 7 (Table 8.1) for the indicated m/z numbers. Insets on 
top of the figure show the comparison between fragmentation patterns of the desorbing species detected in 
this experiment upon 60 eV electron impact with those available from literature. 
 
This assignment can be further constrained by performing the same experiments using 
isotopes. Deuteration experiments are not ideal for this. Hidaka et al. (2007) found that the 
CO deuteration rate at 15 K is 12.5 times lower than the corresponding value for 
hydrogenation. Our experimental results confirm this finding and show a substantial 
decrease for D-containing products. The D2CO and CD3OD formation yields are roughly 
10 times lower and the DC(O)CD2OD and D2C(OD)CD2OD signals are below the 
detection limits. Therefore, 13CO experiments are used to provide additional proof f r 
glycolaldehyde and ethylene glycol formation at ourexperimental settings. Moreover, with 
13CO as precursor, dissociative ionization products containing only one carbon atom will be 
shifted by one m/z number, while fragments containing two carbon atoms will shift by two. 
This provides a tool to identify unambiguously C-C bond formations. In Figure 8.3, the 
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result of co-deposition of H atoms and 13CO molecules is shown, for conditions that are 
nearly identical to those applied in Figure 8.2. Again, four peaks are found in the TPD 
QMS spectra. The insets in the top-side of Figure 8.3 compare the fragmentation patterns 
of desorbing species recorded in our experiment with values obtained by extrapolating 
literature results. This extrapolation is realized by adding m/z=1 to the masses from 28 to 
33 and m/z=2 to the masses from 58 to 64 for the fragmentation pattern of regular 12C 
glycoladehyde and ethylene glycol, i.e., according to the number of carbon atoms in the 
corresponding ions. Again the experimental and literature values are very close and fully 
consistent with the previous finding that glycolaldehyde (H13C(O)13CH2OH) and ethylen 
glycol (H2
13C(OH)13CH2OH) form along with the formation of H2
13CO and 13CH3OH upon 
surface hydrogenation of CO molecules. 
Repeating experiment 4 depicted in Figure 8.2 for a co-deposition time about twice as 
long, using RAIRS instead of the QMS allows us to obtain RAIR difference spectra of the 
two ice constituents desorbing at about 160 and 200 K. The differences are determined by 
subtracting spectra at 152 and 168 K (Fig. 8.4a), and 183 and 210 K (Fig. 8.4b), i.e., before 
and after desorption of the two individual TPD features. Low peak-to-noise ratios 
complicate the identification of absorption features, but tentative assignments can be made. 
The three strongest absorption features of HC(O)CH2OH are visible in Fig. 8.4a, i.e., the 
OH-stretch mode in the range from 3600 to 3000 cm-1, coinciding CH and CH2 stretching 
modes in the range from 3000 to 2800 cm -1 and the sharp CO stretching mode at 1750 cm-1. 
Similarly, both OH stretching and CH2 stretching modes of H2C(OH)CH2OH (its strongest 
absorption features) are visible in Fig. 8.4b, while the absorption feature in the range 
1400-1500 cm-1 is likely due to CH2 scissor and OH bending modes. Unfortunately, the 
C-C stretching mode of H2C(OH)CH2OH lies within the range 1000-1100 cm
-1 that can not 
be observed due to an artifact caused by difference i  the shape of background spectra 
depending on the temperature of the sample. Furthermor , it overlaps with one of the 
strongest absorption features of CH3OH. The C-C stretching mode of HC(O)CH2OH is 
expected to be found around 870 cm-1 and cannot be assigned due to the low peak-to-noise 
ratio in this region of the spectra (Buckley & Giguère 1966, Kobayashi et al. 1975, Hudson 
et al. 2005, Ceponkus et al. 2010). 
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Figure 8.4. RAIR difference spectra obtained between a) 153 and 168 K, and b) 183 and 210 K in 
experiment 10. The sharp absorption feature in the range between 1270 and 1050 cm-1 is an artifact caused 
by the difference in the shape of background spectra depending on the temperature of the sample. Cuts 
between 2250-2400 and 3560-3760 cm-1 are because of atmospheric CO2 absorbance along the path of the 
IR beam outside of the main chamber.  
 
 In addition, a number of complementary/control experiments have been performed. 
An increase of the CO-deposition rate by a factor five (experiment 1), a change of TPD rate 
or total co-deposition time (experiments 8 and 9), and the use of a microwave discharge 
source instead of the thermal cracking source to generate the H atoms (experiment 5) all do 
not qualitatively change the results depicted in Figures 8.2 and 8.3. No HC(O)CH2OH and 
H2C(OH)CH2OH formation is found for a co-deposition experiment of H atoms with CO 
molecules at 25 K (instead of 13 K) while only traces of H2CO and CH3OH can be detected 
(experiment 3). Signatures of glycolaldehyde and ethyl ne glycol also are not found in 
CH3OH+H and CH3OH+H2 co-deposition experiments performed under similar conditions 




The experimental results presented in the previous section show that glycol aldehyde and 
ethylene glycol can be formed in co-deposition experim nts of CO molecules and H atoms. 
This is an important experimental finding, as so far hydrogenation reactions were mainly 
shown to be effective in the formation of smaller species (e.g., ammonia from N + H) with 
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CH3OH (CO + H) as the largest species systematically studied so far by more than one 
independent group. Instead, experimental studies showed that solid-state reactions induced 
by vacuum UV irradiation, cosmic ray or electron bombardment offer pathways to form 
molecules with up to 10-12 atoms. In İberg et al. (2009), for example, VUV irradiation of 
a pure methanol ice was shown to result in the formation of both glycolaldehyde and 
ethylene glycol. The formation scheme presented here does not require energetic 
processing and can proceed at 13 K. The work discussed here is an extension of the 
well-studied formaldehyde and methanol (CO+H) formation scheme that is generally 
accepted as the dominant pathway explaining the obsrved large CH3OH abundances in 
space. Therefore, this process should also be efficient at cold dense clouds conditions, 
particularly during the CO freeze-out stage that takes place well before radiation from a 
newly formed protostar becomes important. To which extent, however, the different phases 
(read processes) in star formation determine glycolaldehyde and ethylene glycol 
abundances is hard to estimate. Detection of both HC(O)CH2OH and H2C(OH)CH2OH in 
our experiments as well as a gradual decrease in abund nces along the order 
H2CO>CH3OH>HC(O)CH2OH>H2C(OH)CH2OH is consistent with the mechanism 
proposed in the present work, i.e., a sequence of surface reactions (8.1), (8.9), and 
(8.5)-(8.8).  
The only experimental observation that seems to be contradicting our interpretation is 
the experimental non-detection of glyoxal (HC(O)CHO). A possible explanation is that 
reaction (8.5) has no or a very low activation barrier, compared to that of reactions (8.1), 
(8.7) and 8.11): 
  
H2CO + H → CH3O/CH2OH,          (8.11) 
 
that are the limiting steps in the formation of H2CO, H2C(OH)CH2OH, and CH3OH, 
respectively. Unfortunately, there exists no experim ntal data for the activation barrier of 
reaction (8.5). Galano et al. (2004) performed quantum 
chemical calculations of the interaction of glyoxal with OH radicals and concluded that the 
OH addition and formation of an intermediate complex followed by H-atom abstraction 
proceeds barrierless. This is consistent with experimental gas-phase results of Feierabend t 
al. (2007), who found that H-atom abstraction from glyoxal by OH radicals has a negative 
temperature dependence with a slight deviation from Arrhenius behavior that is reproduced 
over the temperature range 210 – 396 K. However, it con radicts the results by Woods et al. 
(2013) who find a barrier of 1100 K in their calculations. Although this activation barrier 
appears rather high, it can easily be overcome if tunneling is involved, e.g., the CO + H 
barrier is roughly three times higher. In this case we would not necessarily expect to detect 
glyoxal along with HC(O)CH2OH and H2C(OH)CH2OH for our settings. Therefore, it 
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seems correct to conclude that the interaction of an H atom with glyoxal proceeds very 
efficiently, barrierless or through tunneling, followed by an H-atom addition instead of 
abstraction, consistent with the non-detection of glyoxal in our experiments. 
  Other possible scenarios leading to the formation of C-C bonds that are mentioned in 
literature are: 
  
HCO + CO → HC(O)CO,          (8.13) 
 
followed by reaction (8.4) to yield HC(O)CHO, and 
  
HCO + H2CO → HC(O)CH2O.         (8.14) 
 
Reaction (8.13) should possess an activation barrier and leads again to the glyoxal 
formation, i.e., this means that the assumption of a barrierless hydrogenation of glyoxal, as 
made above, still should hold to explain the observed results. Reaction (8.14) indeed helps 
to bypass the glyoxal formation as an intermediate and leads directly to the formation of 
the observed glycolaldehyde through reaction (8.6). However, this reaction also expected to 
possess an activation barrier and is not reported in literature. Reaction (8.9), therefore, is 
proposed as the key step responsible for the formation of C-C bonds and we assume that 
the hydrogenation of glyoxal proceeds barrierless. 
We would like to stress that both glycolaldehyde and ethylene glycol are formed in
situ at 13 K and are not the result of the recombinatio of the formed HCO and 
CH3O/CH2OH radicals during the TPD. This is because: (i) in the case that trapped radicals 
do recombine, glyoxal (as the product of HCO dimerisation) should be visible in our 
experiments (as discussed before, this is not the cas ); (ii) these radicals are not observed 
by RAIRS; and iii) a lack of a qualitative difference between experiment 4 and experiments 
8 and 9 (where different TPD rates and exposure tims are used) is consistent with the 
conclusion that both glycolaldehyde and ethylene glycol are not the result of thermally 
induced chemistry. 
Moreover, up to our knowledge, there exist no systema ic studies for 
CO:H2CO:CH3OH mixtures, while thermally induced chemistry of pure CH3OH 
(experiment 12) and H2CO (Schutte et al. 1993, Noble et al. 2012) do not result in the 
formation of HC(O)CH2OH or substantial amounts of H2C(OH)CH2OH. Furthermore, in 
experiments where pure H2CO and CH3OH are first irradiated by UV-photons and then 
analyzed by means of TPD the formation of glycolaldehyde or ethylene glycol are not 
reported either, while the methyl formate (HC(O)OCH3) is clearly observed (Gerakines t 
al. 1996). The non-detection of abundant HCOOCH3 in our experiments confirms that our 
results are due to non-energetic processing.  
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 Another important point is that under our experimental conditions, the H2CO yields 
dominate over the CH3OH yields, and this then applies to intermediate products of H2CO 
hydrogenation through reaction (8.11) that are expected to be less abundant than HCO – a 
product of CO hydrogenation. Therefore, we expect that CH3O and CH2OH are not 
abundant in our experiments and will not contribute significantly to the reactions that lead 
to the formation of complex species.  
However, subsequent interactions of CH3O or CH2OH with HCO radicals may lead to 
the formation of methyl formate (HC(O)OCH3) and again glycolaldehyde: 
  
HCO + CH3O → HC(O)OCH3,          (8.15) 
 HCO + CH 2OH → HC(O)CH2OH.        (8.16) 
 
Only traces of the methyl formate are found in experim nt 1 (Table 1), and these are 
actually within the experimental uncertainty. In the future, another set of experiments with 
a significantly higher hydrogenation degree of CO may verify the possibility of reactions 
(8.15) and (8.16) to occur, but for the moment we consider this outside the scope of the 
present work. 
8.5 Astrochemical implications 
The astrochemical importance of the experimental findings discussed here is that the 
formation of complex molecules can be realized in the dark ages of star formation, i.e., in a 
period than energetic processing is expected not to be very relevant. The focus here has been 
on two important species: glycolaldehyde is often considered to be the simplest 
monosaccharide, and ethylene glycol is the first representative of the polyol family, of which 
the triol glycerine is the best known one. 
The solid state reaction schemes at play have to be und rstood to fully benefit from 
identifications in the interstellar medium and to understand where molecules of (pre)biotic 
interest are likely to be formed. To investigate thpossible astrochemical relevance of the 
laboratory findings presented here we have implemented the new suggested reaction route 
(8.1), (8.9), (8.5)-(8.8) into a model previously used to simulate the formation of H2CO and 
CH3OH on interstellar ice surfaces. This model utilizes the continuous-time random-walk 
Monte Carlo method, which simulates microscopic grain-surface chemistry for timescales as 
typical for the interstellar medium. This model has been described in detail in Fuchs et al. 
(2009) and Cuppen et al. (2009), and for details the reader is referred to these papers. The 
model simulates a sequence of processes that can ocur on a grain surface. This grain surface 
is modeled as a lattice with the number of sites determined by the size of the grain and the 
site density for the adsorbing CO. The order of this sequence is determined by means of a 
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random number generator in combination with the rats for the different processes. These 
processes include deposition onto the surface, hopping from one lattice site to a nearest 
neighbor, desorption of the surface species, and reactions between two species. Each of these 
processes is characterized by a specific rate throug  an activation energy barrier. Here we use 
reaction activation barriers and energy parameters d termining hopping and desorption 
activation barriers as derived in Fuchs et al. (2009). In order to incorporate formation routes 
to the newly observed species, the model is extended and five new reactions are incorporated 
in the chemical network. Reactions (8.9), (8.6), and (8.8) are set to be barrierless as 
radical-radical recombination reactions, reaction (8.5) is also set to be barrierless (see 
aforementioned discussion), while reaction (8.7) is set to have an activation energy barrier of 
the same value as the comparable reaction (8.11) obtained by Fuchs et al. (2009). The 
reaction rate coefficients used in the simulations are summarized in Table 8.2. Consequently, 
five new species, including glycolaldehyde and ethyl ne glycol, need to be introduced in the 
simulations and these are HC(O)CHO, HC(O)CH2O/HC(O)CHOH, HC(O)CH2OH, 
H2C(O)CH2OH/HC(OH)CH2OH and H2C(OH)CH2OH. Since all of them are heavy, 
low-volatile species, the energy parameter E responsible for the hopping and desorption of 
species is set to the same value as for CH3OH, effectively immobilizing these species.  
 
Table 8.2. A list with the reaction rate coefficients, Rreact, for the key reactions used in the simulations at 12 
and 16.5 K grain temperatures (see Fuchs et al. 2009 for more details). 
N Reaction Rreact (s
-1)     
for 12 K 
Rreact (s
-1)     
for 16.5 K 
 N Reaction Rreact (s
-1)     
for 12 K 
Rreact (s
-1)     
for 16.5 K 
(1) CO + H 2·10-3 4·10-3  (9) HCO + HCO 2·1011 2·1011 
(10) HCO + H 2·1011 2·1011  (5) HC(O)CHO + H 2·1011 2·1011 
(11) H2CO + H 2·10
-4 2·10-2  
(12) CH3O/CH2OH + H 2·10
11 2·1011  
(6) HC(O)CH2O/ HC(O)CHOH 
+ H 
2·1011 2·1011 
     (7) HC(O)CH2OH + H 2·10
-4 2·10-2 
     (8) H2C(O)CH2OH/ 
HC(OH)CH2OH + H 
2·1011 2·1011 
 
In Figure 8.5, the outcome of four different test simulations is presented. The lower 
panels show simulations using identical input parameters as for the simulations presented in 
the lower panels of Figure 3 in Cuppen t al. (2009), but with the four new reaction routes 
added to the code. These parameters are nH = 1·10
5 cm-3, ngrain = 1·10
-12 nH and the gas-phase 
CO initial abundance equals to n(CO)initial = 1·10
-4 nH, i.e. 10 cm
-3. In these two runs, a high 
value for the hydrogen atom density n(H) = 10 cm-3 (Goldsmith & Li 2005) is used as 
described in Cuppen et al. (2009). The corresponding grain temperatures are 12 and 16.5 K 
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for panels c and d, respectively. In the upper panel the results of the same simulations are 
presented, but here the H-atom density is set 10 times less than in the simulations presented 
in the lower panel of Figure 8.5 and equals n(H) = 1 cm-3 (Duley & Williams 1984). This 
represents the low H-atom density case. All results are converted to grains with a standard 
size of 0.1 µm. The choice of n(H) to be 10 cm-3 and 1 cm-3 for high- and low-density cases, 
respectively, reflects two extreme conditions; i) when most of the CO will be hydrogenated 
to the final product, i.e., CH3OH, and ii) most of the CO will be locked in a 
non-hydrogenated state. A more realistic n(H) value is likely closer to 2-3 cm-3, and is 
covered within the two boundary conditions discussed h re. 
The CO, H2CO and CH3OH abundances shown in the two lower panels of Figure 8.5 
follow the same trends and similar abundances (for the same input parameters) as in Cuppen 
et al (2009) (see lower panel of their Figure 3). This is also expected. The upper panels show 
the H atom low-density case that was not discussed in Cuppen et al (2009). A further 
extension is realized by inclusion of the five new r action routes that are incorporated in our 
code and that aim at introducing glycolaldehyde and ethylene glycol formation in interstellar 
reaction schemes, following the experimental confirmation discussed in the previous section 
of this paper. Therefore, two additional curves are presented in panels a and c that show the 
evolution of the HC(O)CH2OH and H2C(OH)CH2OH abundances, respectively.  
Both abundances experience a clear growth, and the glycolaldehyde abundance 
correlates with the formaldehyde abundance, while th  abundance of ethylene glycol 
correlates with the abundance of methanol. This is not surprising since both CH3OH and 
H2C(OH)CH2OH are hydrogen saturated species while both H2CO and HC(O)CH2OH are 
not. The HC(O)CH2OH/H2CO ratio is kept within a 3-5 % range, while the 
H2C(OH)CH2OH/CH3OH ratio is about 2-4 %. These relatively high values for 
HC(O)CH2OH and H2C(OH)CH2OH formation are in fact of the same order as derived from 
the experiments shown in Figures 8.2 and 8.3. An exact comparison of the amounts of 
formed species requires a precise knowledge of ionization cross-sections for all desorbing 
species as well as their pumping efficiencies, and this information is not available. A rough 
estimation, however, can be given just by integrating he corresponding areas in the TPD 
curves. By comparing the QMS TPD areas for all four species, HC(O)CH2OH/H2CO and 
H2C(OH)CH2OH/CH3OH ratios are found in the range of 1-9% (depending o  the m/z 
number used for comparison), covering the 3-5 and 2-4 % values mentioned above.  
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Figure 8.5. CO, H2CO, CH3OH, HC(O)CH2OH and H2C(OH)CH2OH build up as a function of time for  nH 
= 1·105 cm-3, ngrain = 1·10
-12 nH and n(CO)initial = 1·10
-4 nH. (a) T = 12 K and n(H) = 1 cm
-3 (b) T = 16.5 K and 
n(H) = 1 cm-3 (c) T = 12 K and n(H) = 10 cm-3 (d) T = 16.5 K and n(H) = 10 cm-3. The relative surface 
abundance is given with respect to nH.   
 
It should be noted that the new reaction channels introduced here, leading to the 
formation of HC(O)CH2OH and H2C(OH)CH2OH do not affect the CO, H2CO, and CH3OH 
abundances and their dependencies, and, consequently, do not change previous conclusions 
from Cuppen et al (2009). This is mainly due to the low final amount of glycolaldehyde and 
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ethylene glycol formed in the simulations that lock only a few % of the originally available 
CO. 
In Figure 8.6, the cross sections of the grown ice mantles are shown, similar to Cuppen 
et al (2009) (see their Figures 5 and 6). Correlations between the abundances of 
glycolaldehyde and formaldehyde and between the abundances of ethylene glycol and 
methanol find a further confirmation in these plots. Moreover, one can see that the 
distribution of HC(O)CH2OH (light green) among the cross-section of the ice mantle 
matches the H2CO (orange) distribution, while H2C(OH)CH2OH (dark green) correlates 
with the CH3OH (red), further suggesting that these species are chemically linked. 
 
Figure 8.6. Schematic picture of the growth of the ice mantle aft r 2·105 years at nH = 1·10
5 cm-3, ngrain = 
1·10-12 nH and n(CO)initial = 1·10
-4 nH for 12 K grain temperature. Left panel n(H) = 10
 cm-3. Right panel n(H) 
= 1 cm-3. Grain surface is indicated by brown colour, unoccupied cites by black, CO is yellow, H2CO is 
orange, CH3OH is red, HC(O)CH2OH is light green, and H2C(OH)CH2OH is dark green. Magenta 
corresponds to all kinds of intermediate radicals. 
 
As stated before, this combined experimental and theoretical study shows that 
formation of both glycolaldehyde and ethylene glyco may take place already in the 
prestellar stage well before energetic processing of the ice by the newly formed protostar will 
take place. The correlation between the abundances of HC(O)CH2OH and H2C(OH)CH2O 
with those of formaldehyde and methanol, typically in ratios of the order of a few percent, is 
as expected. CH3OH is a common component of interstellar ices, and its formation mainly 
proceeds through sequential surface hydrogenation of CO molecules during the 
CO-freeze-out stage. We therefore expect that the formation of both HC(O)CH2OH and 
H2C(OH)CH2O proceeds during the same stage of the molecular cloud evolution as the 
formation of CH3OH ice, but with substantially lower abundances. 
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It is hard to say more on how this relates to complex molecule formation during a later 
stage, upon energetic processing. UV photo-processing of interstellar ice analogues has been 
proposed as the way to form prebiotic species in space. Early experiments, pioneered by 
Hagen, Allamandola, and Greenberg (1979), revealed that such molecules form upon long 
term vacuum UV exposure of low temperature ices comprising a mixture of astronomically 
relevant constituents. This discovery has motivated many of the ice chemistry studies that 
were performed in the following decades, with two key papers published by Bernstein t al. 
(2002) and Munoz-Caro et al. (2002). In Öberg et al. (2009) the formation of larger complex 
species, including glycolaldehyde and ethylene glycol have been extensively described upon 
Lyman-α irradiation of pure methanol ice. In Table 6 of Öberg et al. (2009) a comparison is 
made for the abundance ratios of complex molecules in the gas phase detected towards a 
variety of astrophysical environments and the ratios found upon vacuum UV processing of a 
pure methanol ice.  
It is not our intention to discriminate between H-atom addition and UV irradiation 
processes, or others, like electron bombarded ice as described by Arumainayagam et al. 
(2010), but to show that solid state reactions as the e and studied in the laboratory offer a 
pathway for complex molecule formation in space. In this paper, this is discussed for the first 
time for sequential atom addition reactions. Glycolaldehyde has been successfully detected 
toward the low-mass protostar IRAS 16293-2422 (Jørgensen et al. 2012) with abundances of 
6·10-9 relative to H2. This reported gas-phase abundance is well below the abundance of 
HC(O)CH2OH obtained in our simulations (see Figure 8.5) and therefore consistent with a 
scenario where it has been sublimated or non-thermally desorbed from the solid state. It is 
also worth comparing abundance ratios, specifically for species that are considered to be 
chemically linked (i.e., HC(O)CH2OH/H2CO and H2C(OH)CH2OH/CH3OH). In a rough 
model one may assume that solid-state and gas-phase ratios should be comparable, although 
we stress that different desorption mechanisms – (non) thermal desorption, chemisorption, or 
even grain collisions – may have different efficienci s for different molecules, specifically 
over large time scales covering different evolutionary stages. However, as stated above, the 
goal here is to show that the numbers have the right order of magnitude. Observations toward 
the same source performed by Schöier et al. (2002) reported a gas-phase H2CO abundance of 
6·10-8 and a solid-state abundance of (1-4) ·10-6 relative to H2, yielding a gas-phase 
HC(O)CH2OH/H2CO ratio of 10 %, comparable within the uncertainties to the 3-5 % value 
found in the simulations and (1-9)% concluded from the experiments.  In a similar way, 
correlations between ethylene glycol and methanol abundances yield 
H2C(OH)CH2OH/CH3OH ratios of 2-4 % found in the simulations and (1-9)% in the 
experiments. Jørgensen t al. (2012) give a tentative assignment of H2C(OH)CH2OH toward 
the low-mass protostar IRAS 16293-2422 with a relative abundance of ethylene glycol of 
0.3-0.5 with respect to glycolaldehyde, i.e., (2-3)·10-9, while Schöier et al. (2002) for the 
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same source reported CH3OH abundance of 3·10
-7. This results in a 
H2C(OH)CH2OH/CH3OH ratio of about 1%.  
More observational data, specifically in the prestellar phase are needed to link the 
present hydrogenation laboratory data to solid state efficiencies in space. The important 
conclusion that stands is that atom addition reactions – in the past specifically proposed as 
important for the formation of smaller molecules, including H2O and NH3, also can 
contribute to molecular complexity in space, i. ., far beyond methanol formation. 
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Atoom additie reacties in interstellair ijs: 




Het interstellair medium (ISM) is een zeer ijle omgeving, bestaande uit gas, stof en ijs; het 
speelt echter wel een belangrijke rol in de evolutie van ons sterrenstelsel. Het gas (99% qua 
massa) en ijzige stof deeltjes (1%) zijn de overblijfselen van dode sterren en tegelijkertijd 
ook de bouwstenen van nieuwe sterren en planeten. Het gas bestaat vooral uit waterstof (H, 
70%), helium (He, 28%) en slechts een klein deel bestaat uit zwaardere elementen, terwijl 
het stof voornamelijk is opgebouwd uit silicaat deeltj s en koolstofhoudend materiaal. Een 
goed begrip van de vele fysische en chemische processen die plaatsvinden in het ISM is 
nodig om de processen die uiteindelijk tot ster- en planeetvorming leiden te kunnen 
beschrijven. Momenteel is onomstotelijk vastgesteld dat er meer dan 180 verschillende 
moleculen in het ISM voorkomen. Ruim 50 van deze moleculen bestaan uit 6 of meer 
atomen en worden daarmee gezien als 'complexe' moleculen. Sommige worden in de gas 
fase gevormd, maar van andere moleculen, zoals water, koolstofdioxide, methanol, 
ammonia, mierenzuur en het grotere dimethylether, glycolaldehyde en etheenglycol wordt 
aangenomen dat deze in het ISM via oppervlakte reacties op ijzige stofdeeltjes ontstaan. Bij  
oppervlakte reacties spelen niet-energetische reacties tussen twee neutrale moleculen een 
belangrijke rol. De studie van dit soort reacties in het laboratorium is het onderwerp van dit 
proefschrift. Ze zijn vooral van belang tijdens een specifiek evolutionair stadium in de 
stervormingscyclus, het zogenaamde donkere wolk stadium, wanneer een jonge ster wordt 
gevormd, maar de ster nog niet geboren is. In dit stadium zijn de stofdeeltjes bedekt met 
een laagje ijs hetgeen een reservoir met moleculen oplevert. Niet-energetische processen 
geïnitieerd door 'bombardementen' van het ijzige stofdeeltje met vrije atomen, 
voornamelijk waterstof (H), maar ook deuterium (D), stikstof (N), zuurstof (O), stikstof (N) 
and koolstof (C), ontketenen een fascinerende vaste stof chemie die resulteert in de 
vorming van kleinere moleculen, zoals water, maar ook van COMs: complexe organische 
moleculen. Grootschalige astronomische waarnemingsprojecten bevestigen dat donkere 
interstellaire wolken een rijke chemie bezitten. Omdat het juist in deze regio's is waar 
nieuwe ster en planeten ontstaan, zijn laboratorium experimenten belangrijk, zodat 
wetenschappers in staat zijn de link te maken tussen int rstellaire chemie en het ontstaan 
van organische moleculen, zoals die op aarde aanwezig zijn en hebben bijgedragen aan het 
ontstaan van het leven. 
 
SURFRESIDE2 (Hoofdstuk 2) 
 
De vooruitgang in ultra-hoog vacuum cryogene oppervlakte technieken en de 
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beschikbaardheid van intense atoom bundels hebben ervoor gezorgd dat het sinds enkele 
jaren mogelijk is om atoom additie reacties in interst llair ijs analogen in detail te 
bestuderen. De meerderheid van de experimenten beschreven in dit proefschrift is 
uitgevoerd met SURFRESIDE2 (SURFace Reaction Simulation Device – vrij vertaald 
Oppervlakte Reacties Simulatie Apparaat), een nieuwe ultrahoog vacuum (UHV)  
opstelling die volledig is gewijd aan het ondezoek van reacties in interstellair ijs. De 
opstelling is afgebeeld op de foto in figuur 1 en de experimentele details staan beschreven 
in hoofdstuk 2. De opstelling is ontworpen om atoom (H, D, N, O) en radicaal (OH, NH, 
NH2) additie reacties in interstellaire ijs analogen t bestuderen bij zeer lage (astronomisch 
relevante) temperaturen, zo’n 13 K (ongeveer 260 graden onder nul). Het gebruik van een 
dubbele atoom bundel maakt het mogelijk dat een ijs wordt blootgesteld aan de 
gelijktijdige inwerking van verschillende soorten atomen en radicalen en dat zorgt ervoor 
dat het aantal mogelijk te bestuderen reactie routes aanzienlijk toeneemt. Een ander 
belangrijk kenmerk is de aanwezigheid van twee onafhankelijke moleculaire depositie 
bundels. Dit maakt het mogelijk om ijs te groeien oder verschillende co-depositie 
condities. Zo kan H2O gebruikt worden om waterrijk polair ijs te simuleren, terwijl CO een 
apolair ijs nabootst. Als gevolg daarvan kan de invloed van polariteit op specifieke reacties 
en van interacties tussen de reactant en ijs componente  systematisch worden geverifieerd. 
Voor de diagnostiek worden infrarood spectroscopie – RAIRS - en massa spectrometrie - 
TPD QMS - gebruikt. Het is hiermee mogelijk het ijs in situ te onderzoeken. 
 
Figuur 1. SURFRESIDE2 
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De flux van H-, D-, N-, en O- atomen is kwantitatief gekarakteriseerd. Daardoor biedt 
SURFRESIDE2 niet alleen de mogelijkheid om reactieschema’s te visualiseren, maar ook 
de reacties die plaatsvinden te kwantificeren. H- en D- atoom fluxen zijn vastgesteld aan de 
hand van Quadrupool Massa Spectrometrie, een welbekend  methode. De N- en O- atoom 
fluxen zijn indirect gekwantificeerd, door te kijken naar reacties waarvan de verwachte 
conversie efficiëntie gelijk is aan 1. De combinatie van ultrahoog vacuum (UHV~10-10 
mbar) gekwantificeerde atoom fluxen, een nauwkeurig temperatuurscontrole (13-300 K), 
RAIRS en/of TPD QMS als detectiemethoden, maakt het mogelijk reacties in het ijs 
systematisch te bestuderen. Het uiteindelijke doel van dit onderzoek is om te begrijpen of, 
hoe en hoe effectief de vorming van COMs is. De resultaten daarvan kunnen direct worden 
vergeleken met astronomische waarnemingen of als input voor astrochemische simulaties 
die de donkere periode in het stervormingsproces nabootsen. 
Voortbordurend op werk eerder verricht in Leiden, waarbij de nadruk lag op atoom 
additie reacties in cryogeen ijs (promotie werk vanDr. Bisschop en Dr. Ioppolo), richt het 
promotie onderzoek beschreven in dit proefschrift zich met name op vaste stof reacties 
waarbij stikstof (N) betrokken is of reacties die resulteren in grote COMs. 
 
Een interstellair vaste stof stikstof chemie netwerk (Hoofdstuk 3, 4, 5 en 6) 
 
Moleculen die stikstof bevatten zijn essentieel voor het leven op aarde. Het is echter een 
grote stap van de eenvoudige stikstofhoudende moleculen in interstellair ijs naar complexe 
organische moleculen van astrobiologisch belang, inclusief aminozuren. Tot nu toe was de 
vaste stof stikstof chemie aan ijs oppervlakken nauwelijks bestudeerd en met name de 
reacties tussen twee neutrale moleculen, d.w.z. zonder i werking van energetische straling 
(UV licht of kosmische straling) is slecht begrepen. I  de hoofdstukken 3-5 van dit 
proefschrift wordt de experimentele afleiding van een zeer compleet stikstof chemie 
netwerk beschreven waarbij stikstof oxides (NO, NO2, N2O) en H-, O- en N- atomen 
betrokken zijn. 
De oppervlakte hydrogenatie van NO vindt zonder barriere plaats en leidt tot de 
vorming van hydroxylamine (NH2OH) - een pre-biotisch molecuul dat tot dusver niet 
gedetecteerd is in de ruimte, maar waarvoor astrochemische modellen (beschreven in 
hoofdstuk 3) relatief hoge hoeveelheden voorspellen (7·10-9 i.v.t. H2) tegen het einde van 
de levensduur van een donkere wolk. O- en N- atoom reacties met vast NO hebben ook een 
lage activerings energie, hetgeen resulteert in de vorming van NO2 en N2. Het gevolgde 
reactie pad is niet sterk afhankelijk van de ijsomgeving; vergelijkbare resultaten worden 
gevonden voor H2O-rijk (polair) en CO-rijk (apolair) ijs. Vastgevroren NO2 valt uiteen na 
botsing met een atoom en daarbij ontstaan stikstof oxides zoals NO, N2O, en andere 
moleculen zoals HNO, NH2OH en H2O. Wanneer NO2 gemengd wordt in een CO-rijk 
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(d.w.z. interstellair meer relevant) ijs, worden ook CO2 en HCOOH geproduceerd. De 
stabiele (eind)producten van de samengevoegde reactienetwerken - NO+H/O/N en 
NO2+H/O/N - zijn NH2OH, H2O, N2 en N2O. 
In hoofdstuk 6 is dit reactienetwerk verder uitgebreid door experimenteel onderzoek 
van niet-energetische reacties die leiden tot de vorming van NH3 en HNCO. Ammonia 
(NH3) blijkt efficient te worden gevormd door drie sequntiële H-atoom addities aan 
N-atomen. Daarnaast laten we zien dat in een CO-rijk interstellair ijs analoog, de vorming 
van NH3 wordt afgeremd door de vormnig van HNCO. De interactie van CO moleculen 
met NH radicalen - een van de tussenproducten tijdens  vorming van NH3 - verstoort het 
reactie pad. Dit is een belangrijke experimentele conclusie. Allereerst laat het zien dat net 
zoals bij de hydrogenatie van O2 en NO2, reactieroutes niet onafhankelijk kunnen worden 
behandeld en dat mogelijke reacties van tussenproducten met omgevingsmoleculen mee in 
de overweging moeten worden genomen. Ten tweede is vorming van HNCO door de 
interactie van NH met CO het eerste voorbeeld van een r actie waarbij een N-C binding 
wordt gevormd zonder tussenkomst van energetische processen zoals UV licht of 
kosmische straling. Deze route naar HNCO is een belangrijke stap om de astronomische 
waarneming van de zogenaamde XCN spectrale ijs band te verklaren: HNCO kan 
gemakkelijk converteren tot OCN- via thermisch geinduceerde zuur-base reacties. 
Een groot aantal verschillende reacties is bestudeerd in Hoofdstuk 3-6 en de efficiëntie 
van deze reactes is samengevat in Tabel 1. 
 
Tabel 1. Efficientie van de belangrijkste oppervlakte reacties die zijn besproken in Hoofdstukken 3-6. 
 Geen barriere Kleine barriere Barriere Geen reacti 
 NO + 3H → NH2OH
b NO + O2 → NO2 + O CO + H → HCO NO + H2 
NO + O → NO2  H2CO + H → CH3O NO + N2 
NO + N → N2 + O  (NO)2 + O2 → (NO2)2 NO2 + H2 
NO + NO → (NO)2  (NO2)2 + N → N2O + NO2 +O NO2 + O2 
NO + NO2→ ONNO2   NH + CO → HNCO NO2 + N2 
NO2 + H → NO + OH   N2O + H 
NO2 + O → NO + O2   N2O + O 
NO2 + N
a
 → N2O + O   N2O + N 
NO2 + NO2 → (NO2)2    
N + 3H → NH3
b     
 aDeze reactie heeft mogelijk een kleine barriere. bDrie opeenvolgende H-atoom addities.  
 
Hoofdstuk 7 is hieraan gerelateerd door de efficiëntie te bespreken van reacties waarin 
deuterium een rol speelt, specifiek toegepast op NH3 en resulterend in NH2D, NHD2 en 
ND3. 
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HNCO and NH2OH als een mogelijk startpunt voor de vorming van eenvoudige 
aminozuren (Hoofdstukken 3-6) 
 
De aanwezigheid van HNCO, OCN- of NH2OH in interstellair ijs in de protostellaire fase is 
belangrijk voor de astrobiologie. Gedurende deze fas wordt interstellair stof blootgesteld 
aan verschillende processen die energie leveren en daarmee reacties kunnen starten. Deze 
bestaan uit onder andere, temperatuurverhoging, UV straling of interactie met elektronen of 
ionen (kosmische straling). Deze processen kunnen de samenstelling van de ijs mantels 
drastisch veranderen. Met name in het geval van kosmische straling kan de energie die 
vrijkomt bij inslag leiden tot het uiteenvallen van honderden tot duizenden moleculaire 
bindingen langs het pad dat het ion volgt, resulterend in de vorming van reactieve 
fragmenten. Deze fragmenten kunnen recombineren en w er andere en complexere 
moleculen vormen. Uiteindelijk kan een complex polymeer gevormd worden dat hoge 
temperaturen kan weerstaan. Zoals te zien in het linker paneel van figuur 2 zijn HNCO 
moleculen onderdeel van de peptide bindingen [-(H)N-C(O)-] tussen elke set van twee 
aminozuren. Bovendien bevat het eenvoudigste aminozuur, polyglycine, niets dan HNCO 
en CH2 fragmetten. Als OCN
- inderdaad aanwezig is in het ijs (in plaats van HNCO), dan 
kunnen de anionen van aminozuren en anionische fragmenten daarvan ook gevormd 
worden. 
Tijdens de vorming van de protoster kan een deel van het ijs sublimeren of 
niet-thermisch desorberen. Daarom is het belangrijk te weten uit welke componenten een 
ijs bestaat alvorens de energetische processen domineren. Dat geldt in het bijzonder voor 
hydroxylamine waarvan in dit onderzoek wordt aangetoond dat het efficient gevormd kan 
worden in de vaste stof via een niet-energetische route in de vroege stadia van stervorming. 
Tegelijkertijd kan NH2OH ook gezien worden als startpunt in de synthese van eenvoudige 
aminozuren. Er wordt aangenomen dat hydroxylamine dat als het ware opgeslagen ligt in 
de ijs mantels aan het begin van de ineenstorting van de wolk, in een later stadium 
beschikbaar komt voor vervolg reacties. Dit geldt dan met name wanneer de protoster 
vormt en UV straling en thermische processen dominant worden (zie ook het rechter paneel 
van Figuur 2); het is goed mogelijk dat de synthese van aminozuren in een interstellaire 
omgeving begint met de desorptie van NH2O . De sleutel van het slagen van een dergelijk 
mechanisme ligt bij reacties tussen geprotoneerd hydrox lamine en carboxyl zuren. Ook al 
is het verloop van deze reacties aangetoond bij kamerte peratuur, dit is nog niet het geval 
voor astrochemisch relevante temperaturen. 
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Figuur 2. Mogelijke vormingsroute van de simpelste aminozuren, zoals besproken in dit 
proefschift. 
 
Eenvoudige suikers in interstellair ijs (Hoofdstuk 8) 
 
In het afsluitende hoofdstuk van dit proefschrift worden de astrobiologische implicaties 
verder uitgebreid naar de eerste voorbeelden van de twe  andere klassen prebiotische 
verbindingen - aldoses en polyolen. Glycolaldehyde (HC(O)CH2OH) en etheenglycol 
(H2C(OH)CH2OH) zijn de kleinste moleculen binnen dit type verbindingen. Beide 
moleculen zijn onomstokelijk waargenomen in het ISM. Beide moleculen ontstaan door 
aan CO ijs waterstof atomen toe te voegen. Omdat CO een van de laatste moleculen is die 
vastvriezen in de ruimte, wordt verwacht dat ijs in koude donkere interstellaire wolken een 
CO-coating bezit. De vorming van glycolaldehdye en etheenglycol vindt gelijktijdig plaats 
met de vorming van de twee belangrijkste producten hydrogenatie producten van CO: 
H2CO en CH3OH. Hier wordt voor de eerste keer aangetoond, dat het reguliere 
hydrogenatie schema van CO ook leidt tot de vorming van zulke complexe moleculen. Een 
ronduit belangrijk punt binnen dit schema is de vorming van het koolstof skelet (C-C 
binding) door HCO + HCO recombinatie. 
In hoofdstuk 8 wordt verder beschreven hoe deze experimentele resultaten kunnen 
worden geïmplementeerd in een astrochemisch model gebaseerd op een continue 'random 
walk' Monte-Carlo methode. Dit schept de mogelijkheid om uitgaande van de laboratorium 
data de microscopische stof-oppervlakte chemie te simuleren en te extrapoleren van 
typische laboratorium waarden tot tijdsschalen in het interstellaire medium. De methode 
houdt rekening met de locatie van individuele molecul n in het ijs en maakt het mogelijk 
om de hoeveelheid glycolaldehyde en etheen glycol in de vaste stof in compacte 
interstellaire wolken te voorspellen. Het is nu aan de astronomen om met behulp van 
waarnemingen deze resultaten verder te onderbouwen. 
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Accompanying the thesis 
Atom addition reactions in interstellar ice 
 
1. The construction of a solid state astrochemical nitrogen network involving nitrogen oxides (NO, 
NO2, N2O) and H- ,O- , and N- atoms has only become possible by using two independent atom beam 
lines. (Chapters 2-6) 
 
2. Reactions in interstellar ices involving intermediate radicals and their surrounding molecules are 
more important than previously thought. (Chapter 5, 6 and 8) 
 
3. A higher sticking probability of D- over H-atoms impacting onto an icy grain surface may result in 
deuterium enrichment of newly formed species. (Chapter 7) 
 
4. The simplest representatives of polyols and aldoses can be formed in dark molecular clouds just by 
surface CO hydrogenation. (Chapter 8) 
 
5. The molecule containing the four most abundant chemical elements in space and of proteins - 
HNCO - can be formed on the surface of interstellar grains starting from the basic constituents of 
molecular clouds without any external energetic processing. (Chapter 6) 
 
6. A critical scientist should not only look for observations that prove a proposed theory correct, but 
rather systematically disprove also all other possible interpretations. 
 
7. The way citation indices are handled shows similarities with Marxism-Leninism ideas on 
expressing quality through quantity. 
 
8. Astronomical time-scale is the most challenging condition to simulate in the lab. 
 
9. Only real deadlines work, unless you can lie to yourself truly well. 
 
10. The XXI century we are living in is not at all similar to "the World of the Noon" described by 
Arkady and Boris Strugatsky in their sci-fi novels.  
 
11. The realization of human dreams of space exploration has moved from the real World to the 
virtual one of 3D cinema and video-games industry. 
 
12. Putting hard restrictions on the content of propositions ultimately may diminish their meaning. 
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